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The False Root-Knot nematode Nacobbus aberrans is a plant parasitic nematode 
that causes yield losses in several crops and plant protection agencies have established 
regulations to prevent infestations from spreading to new agricultural areas. The 
taxonomic status of the nematode has been the subject of controversy due to wide degree 
of variation exhibited by the species. This variability has led to the suggestion that N. 
aberrans is actually a species complex rather than a single species. In order to test this 
hypothesis, we compared twelve N. aberrans populations, which include isolates from 
western Nebraska, two distinct regions of Mexico and the lowlands of Argentina. The 
specimens were obtained from different hosts and analyzed by physiological, 
morphological, phylogenetic approaches. The physiological response of the nematode 
cultured on a common host together with the variation detected in the multivariate 
morphometric analysis revealed a slight tendency to differentiate groups. This 
intraspecific variation was confirmed and clarified using phylogenetic inference of 
nuclear and mitochondrial markers. Analysis of these molecular markers resolved four 
 
groups that displayed a well-defined geographic pattern of distribution. The following 
discrete groupings were recognized: I. Nebraska, II. Mexican North region, III. Mexican 
Central region, IV. The Argentinean lowlands. The  median-joining network analysis of 
mitochondrial marker was congruent with the four geographic and genetic lineages and 
separated from each other by a genetic distance of 63-92 mutational steps. AMOVA 
analysis of the four groups revealed significant differences among the hierarchical levels, 
with the vast majority of the genetic variation concentrated among the four geographic 
groups. A character-based barcode analysis allowed identification of “pure” diagnostic 
characters for each group that contributed further evidence that N. aberrans is a species 
complex composed of at least four species. The population from Nebraska meets the 
criteria for consideration as a separate species. We recommend that this isolate be 
reinstated to N. batatiformis Thorne and Schuster, 1956 as it was originally described. 
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CHAPTER I 
 
BIOLOGY AND SYSTEMATICS OF THE FALSE ROOT-KNOT NEMATODE 
Nacobbus aberrans (Thorne, 1935) Thorne & Allen 1944 (NEMATA: 
PRATYLENCHIDAE) 
 
1. INTRODUCTION 
The distribution of the false root-knot nematode Nacobbus aberrans (Thorne, 
1935) Thorne & Allen 1944 is confined to the American continents and extends 
throughout the southeastern plains of Argentina and Andean region of Argentina, Bolivia, 
Peru, northern Chile, Ecuador, across Mexico and into the western plains of the United 
States (Manzanilla-Lopez et al., 2002). It has not been recorded from Central America 
and some countries from South America like Brazil, Colombia, Guyana, Paraguay, 
Surinam, Uruguay and Venezuela (Manzanilla-Lopez et al., 2002; Manzanilla-Lopez, 
2010).  As an obligate parasite of plants, it has been demonstrated to cause significant 
yield losses on crops of economic importance such as tomato, chili pepper, dry-bean, 
potato, tomato and sugar beet (Franco, 1994; Velazquez-Valle, 2001; Manzanilla-Lopez 
et al., 2002; Cristobal-Alejo et al., 2006; Vovlas et al., 2007). It is also known from 
several non-cultivated plants such as members of the family Chenopodiacea: 
Chenopodium album L., Bassia (=Kochia) scoparia Voss.; Caryophyllaceae: Spergula 
arvensis L.; Portulacaceae: Portulaca oleracea L.; Cactaceae: Opuntia fragilis Haw., O. 
macrorhiza Engelm. (Manzanilla-Lopez et al., 2002). Evidence of morphometric, 
 2 
molecular and physiological variation among populations from different geographic 
regions has led to the view that Nacobbus aberrans is either a species complex or a 
highly polymorphic species comprised of subspecies, races, ecotypes, or pathotypes 
(Doucet and Rienzo, 1990; Toledo et al., 1993; Castiblanco et al., 1999; Manzanilla-
Lopez et al., 2002).  
 
2. BIOLOGY 
Nacobbus aberrans, commonly known as “False Root-knot Nematode” or 
“Potato’s Rosary” is an endoparasitic nematode that produces root-gall symptoms with 
unique characteristics on their hosts. Unlike galls induced by species of the genus 
Meloidogyne Göldi, 1887 (“True Root-knot Nematode”), the galls of N. aberrans are 
variable in size alternate along the root, and rarely are observed on the terminal root-tips, 
giving the appearance of alternate beads (Fig. 1). Generally, a single obese female is 
found within each gall compared to galls occupied by numerous females as observed in 
Meloidogyne (Canto-Saenz, 1992; Vovlas et al., 2007). 
  The life cycle of N. aberrans is characterized by two ways that differ depending 
on the location of the developmental stages. In the first way, juveniles of second stage 
(J2) penetrate the host’s roots, and the development of the following stages (J3, J4, 
preadults females, mature females) may occur both inside and outside the roots with 
multiple and repeated penetration and emigration prior to the mature adult stage.  In the 
second way, once the J2 has penetrated the root, all the following stages occur inside the 
roots, with subsequent stages displaying an endoparasitic migratory behavior similar to 
nematodes of the genus Pratylenchus Filipjev, 1936 (Costilla, 1985; Manzanilla-Lopez, 
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1997). The whole life cycle from egg to egg of N. aberrans may be completed as quickly 
as 28 days in certain hosts given optimum temperatures (e.g., 23 ± 2°C on tomato) while 
under field conditions, life-cycles of 95 days have been observed (Inserra et al., 1983). 
The mode of reproduction by amphimixis occurs when the female becomes sedentary in 
the roots and is able to produce a gelatinous matrix, which releases chemical substances 
that are recognized by the males. There is a high sex ratio of males to females. Up to 
sixteen males can be found surrounding the gall containing the unfertilized female 
(Inserra et al., 1983; Manzanilla-Lopez, 1997; Anthoine and Mugniery, 2005a). 
The infection processes is characterized by root-penetration either by J2s, young 
females, or males (Clark, 1967; Manzanilla-Lopez, 1997). They ultimately invade the 
cortical parenchyma of the roots after moving by intracellular migration before 
establishing a feeding site. Damaged cells next to the intracellular region where the 
nematode migrated become necrotic lesions as a result of the interaction of chemicals and 
from the colonization of secondary pathogens (Manzanilla-Lopez et al., 2002). The cells 
located around the feeding sites develop dense cytoplasm and hypertrophic nuclei. The 
feeding site develops into a group of syncytial cells from which the nematode extracts 
nutrients throughout its continued development. During nematode feeding, there is a 
mitotic stimulation of cells surrounding the syncytium resulting in hyperplasia and 
increase of the size of the gall (Inserra et al., 1983; Vovlas et al., 2007).  
 
3. ECONOMIC IMPORTANCE  
Nacobbus aberrans causes serious damage on important vegetable crops (potato, 
tomato, sugar beet, beans, chili pepper) wherever it occurs. In Peru and Bolivia, yield 
 4 
losses in potato up to 60% constitute a major limitation in potato production (Franco et 
al., 1992; Franco et al., 1993; Ortuño et al., 1994). In the sugar beet production area of 
western Nebraska, N aberrans has been considered a major sugar beet disease (Thorne 
and Schuster, 1956; Inserra, 1983; Manzanilla-Lopez et al., 2002; Harveson, 2003). 
Calculated losses range from 25 to 75% in greenhouse conditions and 10-20% in the field 
(Inserra et al., 1984, Inserra et al., 1996). In Mexico, it is the most important disease of 
the main tomato production areas in central region of the country (Hidalgo, Mexico, 
Morelos, Puebla and Tlaxcala). Yield losses in these states range from 50 to 100% (Cruz 
et al., 1987; Zamudio et al., 1987). Often, fields infected with N. aberrans have forced 
growers to forgo tomato production for a period of several years (Cristobal-Alejo et al., 
2006). The seriousness of N. aberrans infestations and the ability to parasitize a large 
number of important plant species has led to the creation of phytosanitary regulations by 
various plant protection agencies. The main purpose of these regulations is to avoid the 
dissemination of N. aberrans through infested soil and contaminated propagative plant 
material. The continuous movement of vegetable products as a result of the increase of 
trade between countries undoubtedly increases the probability of dissemination and 
establishment of N. aberrans into new geographic regions, thus threatening food 
production (Manzanilla-Lopez et al., 2002; Manzanilla-Lopez, 2010). 
Regulatory statutes adopted by plant protection agencies such as NAPPO (North 
American Plant Protection Organization), EPPO (European Plant Protection Organization 
and COSAVE (Comite de Sanidad Vegetal del Cono Sur) that pertain to N. aberrans, 
consider the species as an A1 regulated pest (OEPP/EPPO, 2001). That means that the 
species is absent in several countries, establishing null tolerance in all seed-potato 
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categories (USDA, 2000; Chaves and Torres, 2001; Manzanilla-Lopez et al., 2002; 
Inserra et al., 2005; IPPC, 2009; Manzanilla-Lopez, 2010). Most of the crop protection 
agencies make no distinction among the isolates or subgroups of N. aberrans with the 
exception of the USDA that considers the potato race as a pest of quarantine importance 
with medium risk (Millar et al., 2009). The phytosanitary regulations are applied equally, 
although there is evidence of physiological, ecological and molecular variation between 
different populations suggesting that N. aberrans may be considered a species complex 
(Manzanilla-Lopez et al., 2002; Manzanilla-Lopez, 2010). It has been demonstrated that 
populations from distant geographic locations can mate with offspring and inherit 
dominant features such as the ability to infect important crops such as potato and bean 
(Anthoine and Mugniery, 2006). Thus, there is an urgent necessity for a better 
understanding of N. aberrans taxonomy in order to facilitate risk assessment and develop 
appropriate regulations that are founded on a scientific understanding of the species 
(Manzanilla-Lopez, 2010). 
  
4. TAXONOMIC HISTORY AND STATUS OF Nacobbus aberrans (THORNE, 
1935) THORNE & ALLEN 1944 
Nacobbus aberrans was first described by Gerald Thorne in 1935 as Anguillulina 
aberrans (Thorne, 1935). It was discovered in the roots of shadescale, Atriplex 
confertifolia (Torr. & Frem.) S. Wats., a native host  west  of Salt Lake City, Utah. The 
roots of this plant displayed gall-like symptoms similar to those produced by the root-
knot nematode Meloidogyne sp., at that time known as Heterodera marioni (Cornu, 
1879) Marcinowski, 1909. The genus Anguillulina (Gervais and Beneden, 1859) was 
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transferred to the genus Pratylenchus by Filipjev, 1936 creating the new binomial 
combination Pratylenchus aberrans (Thorne, 1935) Filipjev, 1936. In 1944 similar root-
galling symptoms were observed on the roots of Erodium cicutarium (L.) L’Her. (alfileria 
or  “fillaree”) in Caliente Canyon, near Bakersfield, California (Thorne and Allen, 1944). 
A new genus was established for this species, now the type species of the genus, 
Nacobbus dorsalis Thorne and Allen, 1944.  Pratylenchus aberrans was then transferred 
to Nacobbus by Thorne and Allen, and the new genus was based on the following 
characteristics: strong sexual dimorphism, esophageal glands dorsally extended along 
anterior end of intestine, sedentary adult females, and swollen with several shapes from 
ranging spindle-shaped to saccate. Thorne and Allen (1944) provided the common name 
of False Root-knot Nematode, and Thorne (1949) placed it in the subfamily 
Pratylenchinae within the family Tylenchidae. Chitwood and Chitwood (1950) placed it 
as a unique genus within the subfamily Nacobbinae, and later it was transferred by 
Siddiqi in 1963 to the family Pratylenchidae Thorne, 1949 (Luc, 1987; Manzanilla-Lopez 
et al., 2002).   
Nacobbus dorsalis can be differentiated from N. aberrans by several 
morphological characters: the number of annuli between the vulva and anus (8 to 14), 
position of the vulva in the immature females (94–97%), and the almost round mature 
female with elongated posterior region and body filled with eggs. Corresponding 
diagnostic characters of N. aberrans are a greater number of annuli between vulva and 
anus (15 to 24) in immature females, and mature females lay their eggs in a gelatinous 
matrix, and eggs within the female are confined to the posterior portion of the body 
(Sher, 1970). 
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Following the description of these two species, other species were described. A 
population of Nacobbus species described from sugar beet fields from western Nebraska 
was named N. batatiformis (Thorne & Schuster, 1956). The authors said this species was 
widely distributed along the North Platte river valley in Scottsbluff, Sioux and Morrill 
counties along with sugar beet fields in Windsor, Colorado and Torrington, Wyoming. In 
host range studies, this nematode exhibited an extensive host range, affecting plants of 
several botanical families. These include: Chenopodiaceae: sugar beet, Beta vulgaris 
var. altissima L.; early blood turnip, B. vulgaris var. conditiva L.; Swiss chard, B. 
vulgaris var. cicla L.; Mangel, B. vulgaris var. macrorhiza L.; lamb’s-quarters, 
Chenopodium album L.; kochia, Kochia scoparia (L.) Schrad.; spinach, Spinacia 
oleracea L.; Russian yhistle, Solsola kali var. tenuifolia Tausch. Cruciferae: rutabaga, 
Brassica napobrassica Mill.; mustard, B. nigra (L.) Koch; kale, B. oleaceae viridis L.; 
broccoli, B. oleracea botrytis L.; cabbage, B. oleraceae gongylodes L.; Brussels sprouts, 
B. oleracea gemmifera L.; Chinesse cabbage, B. pekinensis (Lour.) Rupr.; turnip, B. rapa 
L.; stock, Mathiola sp.; radish, Raphanus sativus L. Zygophyllacea: puncture vine, 
Tribulus terrestris L. Compositae: Gaillardia, Gaillardia pulchella L.; lettuce, Lactuca 
sativa L.; salsify, Tragopogon porrifolius L. Cucurbitaceae: pumkin, Cucurbita pepo L.; 
cucumber, Cucumis sativus L. Solanaceae: tomato: Solanum lycopersicum L. and S. 
peruvianum (L.) Mill.; eggplant, S. melongena L.; potato S. tuberosum L. Even though, 
the nematode can affect several species of Solanum, there is no evidence of infection in 
potato in the United States. Leguminosae: bean, Phaseolus vulgaris L.; pea, Pisum 
sativum L. Umbelliferae: carrot, Daucus carota L. Cactaceae: barrel cactus, Mamillaria 
vivipara (Nutt.) Haw.; brittle cactus, Opuntia fragilis (Nutt.) Haw.; and prickly pear O. 
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tortispina Nutt. The reproductive ability of N. batatiformis in western Nebraska on 
species of cactus suggests the possibility that these hosts have served as native reservoirs 
from which the nematode was able to infect sugar beet when the land was converted to 
sugar beet production (Thorne and Schuster, 1956).  
In 1959, Mary Franklin described a nematode from a greenhouse in Berkshire, 
UK in tomato roots showing small galls with many lateral roots. Initially assumed to be 
the root knot-nematode, Meloidogyne hapla Chitwood, 1949 a subsequent detailed 
analysis indicated that gall symptoms were caused by a new species of Nacobbus she 
named N. serendipiticus (Franklin, 1959).  Morphological differences were noted with N. 
aberrans such as more developed anterior region of the esophagus in mature females and 
immature females with phasmids located near the tip of the tail. The bursa of males starts 
at the level of the spicule heads and short size of second stage juveniles exhibiting a long 
tail. Differences with N. dorsalis are a short, posterior region in mature females and a 
shorter vulva-anus ratio in younger females. The males have a shorter tail, and a more 
pointed and larger bursa. Differences with N. batatiformis are a longer stylet in mature 
females, small eggs, a larger vulva-anus ratio and phasmids located about the same 
position as the anus in young females. Male length is shorter, and second stage juveniles 
are more slender with a longer larger tail (Franklin, 1959). Pathogenicity tests produced 
small galls with young females on sugar beet, lettuce and the European black nightshade, 
Solanum nigrum L. This was the first report of presence of this genus in Europe. A 
second finding, this time in the Netherlands, was discovered in soil samples from a 
greenhouse at Wageningen, Netherlands; inoculation tests probed pathogenicity in tomato 
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plants. It was believed that this isolate was introduced with plant material (De Bruijn and 
Stemerding, 1968). 
  A nematode affecting roots of potato in the Cochabamba valley of Bolivia, at an 
altitude of 3,200 meters, was described as a subspecies, N. serendipiticus bolivianus 
(Lordello et al., 1961). This subspecies was distinguished from N. serendepiticus 
serendipiticus by the larger males and by the inner band of the lateral fields that were 
reported as narrower than outer ones. This description was the first record of Nacobbus 
species in South America affecting crops of economic importance. Unfortunately, there 
was no designated type material for this new subspecies (Lordello et al., 1961). 
By 1970, four species (N. dorsalis Thorne and Allen, 1944; N. aberrans Thorne, 
1935; N. batatiformis Thorne and Schuster, 1956; and N. serendepiticus Franklin, 1959) 
and one subspecies (N. serendepiticus bolivianus Lordello, Zamith and Boock, 1961) had 
been described. In 1970, S.A. Sher compared the morphometrics of all type specimens 
and some fresh specimens of N. dorsalis. He concluded that there was a lack of 
consistency in morphometrics, and his detailed comparative analysis showed few 
differences among species except for comparisons that included N. dorsalis. Therefore, 
he proposed N. batatiformis, N. serendepiticus and N. serendepiticus bolivianus as 
synonyms of N. aberrans (Sher, 1970). Currently Nacobbus is only comprised of two 
valid, closely related species, N. aberrans and N. dorsalis (Luc, 1987; Siddiqi, 2000). 
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5. VARIABILITY OF Nacobbus aberrans (THORNE, 1935) THORNE & ALLEN, 
1944 
Numerous studies have documented evidence of morphometric, cytological, 
physiological, and genetic variability among populations of N. aberrans throughout its 
known host range. This variability has been variously interpreted as evidence for the 
existence of a species complex or a single highly variable species. (Sher, 1970; Jatala and 
Golden, 1977; Cid del Prado, 1986, 1993; Doucet, 1989; Doucet and Di Rienzo, 1990; 
Doucet and Gardenal, 1992; Cid del Prado et al., 1997; Ibrahim et al., 1997; Manzanilla-
Lopez, 1997, 2010; Manzanilla-Lopez et al., 1999; Reid et al., 2003; Anthoine and 
Mugniery, 2005a, b, 2006; Atkins et al., 2005; Lax et al., 2006, 2007; Vovlas et al., 
2007).  
 
5. 1. MORPHOMETRIC VARIABILITY OF Nacobbus aberrans sensu lato 
Morphometric analysis of males, mature and immature females, and juveniles (J2) 
from different locations and crops in Argentina confirm a wide distribution of the 
nematode within the country with no correlation between morphometric characters and 
host species. There is, however, a weak correlation of morphology with the geographic 
origin of populations (Doucet and Di Rienzo, 1990). Manzanilla-Lopez et al., (1999) 
studied eight populations from Mexico and four populations from countries in South 
America. She considered 26 morphometric characters and ratios. Key characters were 
detected by Canonical Variance Analysis (CVA) from J2 and adults that included: body 
length, body width, stylet length, conus length, dorsal pharyngeal gland opening (DGO) 
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in adults, tail length, anal body diameter and a, b’, c and c’ ratios. Multivariate analysis 
(CVA) produced two groups: a less variable primary group formed by Mexican 
populations together with one from Argentina referred to as Argentina1. A second, more 
variable group, comprised of populations from Peru, Bolivia, and Argentina2 
(Manzanilla-Lopez et al., 1999). A morphometric comparison of second-stage juveniles, 
males, and immature and mature females of six Argentinean populations of N. aberrans 
raised on a common host was performed by Lax et al. (2007). This study revealed two 
groups of populations using multivariate cluster analysis. One large group included four 
populations (Florencio Varela, Buenos Aires; El Pucara, Catamarca; Rio Cuarto, 
Cordoba; and Tunuyan, Mendoza) located at an altitude range of 21 – 1600 m. The other 
group included two populations (Chaupi Rodeo, Jujuy and Campo Carreras, Salta) 
located in the Andean region suggesting that the common host where the nematodes were 
cultured had influenced morphometric character expression. The authors noted that the 
morphometric variables that revealed differences between groups were characters of 
second stage juveniles (distance from anterior end to valve of median bulb, oesophageal 
length, and De Man’s ratios b, b’, and MB), males (total length, oesophageal length, tail 
length and De Man’s ratios b’ and c), immature females (total length, distance from 
anterior end to vulva and De Man’s ratios b and b’) and mature females (total length, M 
and stylet length) (Lax et al., 2007). 
 
5. 2. CYTOLOGICAL VARIABILITY OF Nacobbus aberrans sensu lato 
The cytology of N. aberrans has been examined in order to address questions 
regarding its taxonomic status (Jatala and Boluarte, 1993; Martinez et al., 1995; Anthoine 
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and Mugniery, 2005a). Chromosome number in N. aberrans was reported to vary 
between five to eight pairs (Anthoine and Mugniery, 2005a). They observed variation in 
the chromosome pair numbers of five South American populations of N. aberrans: (N1) 
potato race from Bolivia, (N2) potato race from Peru, (N3) potato race from Argentina, 
(N4) sugar beet race from Peru, and (N5) sugar beet race from Argentina. The seven-
chromosome pair number was the most common for all populations appearing more 
frequently in populations N1 – N4 (70-90%) with relatively low frequency (44%) in 
population N5. No significant differences were detected regarding the frequencies of 
chromosomes pairs in populations N1-N4, while population N5 was found to be 
significantly different. No correlation between host race and chromosome number was 
observed, but statistical analysis supported the existence of two groups: one group 
composed by populations from Argentina (potato), Bolivia (potato) and Peru (tomato) 
and another group in Argentina (tomato). The authors suggested that N. aberrans might 
be comprised of two different karyotypic entities  (Anthoine and Mugniery, 2005a).  
 
5. 3. PHYSIOLOGICAL VARIABILITY OF Nacobbus aberrans sensu lato 
In phytonematology, physiological races have been defined as populations of 
organisms that can be identified by their ability to increase in plant hosts named 
“differentials” which differ in their efficiency or quality as hosts or by possessing 
different resistant genes (Castiblanco et al., 1999). The terms “race” or “pathotypes” have 
been widely used for classifying populations with infraspecific variation of Nacobbus 
species within regions where it is considered a serious pest (Inserra et al., 1984; Boluarte 
and Jatala, 1992, 1993; Costilla, 1992, 1996; Toledo et al., 1993; Ortuño et al., 1997; 
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Castiblanco et al., 1999; Manzanilla-Lopez, 1997; Manzanilla-Lopez et al., 2002; Suarez 
et al., 2009). This physiological variation associated with plant hosts has been used to 
establish management strategies such as crop rotation or as a potential source of resistant 
germplasm to incorporate into existing cultivars (Castiblanco et al., 1999, Suarez et al., 
2009).  
A host race scheme has been developed to differentiate three separate groups 
within N. aberrans. 1. The Sugar beet group: includes populations infecting sugar beet 
and tomato but not potato; 2. The Potato group: includes populations infecting potato, 
sugar beet, and tomato but not chili pepper; 3. The Bean group: includes populations that 
infect bean and chilli pepper but not potato or sugar beet. This classification system has 
been successful within local areas where it has provided an indication of reproductive 
ability of the populations (Toledo et al., 1993, Castiblanco et al., 1999, Suarez et al., 
2009). Suarez et al. (2009) evaluated the response of 11 local varieties of Andean potato 
and wild tuber-bearing species against local populations of the nematode in the Andean 
region of Argentina (Coctaca, Jujuy Province) and the response of local varieties of 
potato against populations of N. aberrans from Argentinean subtropical lowlands 
(southeast Buenos Aires Province). The test of determination of races indicated the local 
population of N. aberrans from the Andean region corresponded to the “potato” race and 
was able to infect all the local varieties of potato, although some of them displayed some 
variation in the degree of resistance. This potato population also was able to infect tomato 
and sugar beet but not sweet pepper. In contrast, the population from the lowlands 
corresponded to the “sugar beet” race and was able to infect tomato and sugar beet but 
not potato. These results indicated that at least two races of the nematode are present 
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across the country with two distinct geographic ranges. The “potato” race is distributed in 
the Andean highlands, and the “sugar beet” race is distributed in the lowland plains. Less 
success, however, has been encountered in identifying infraspecific groups across large 
geographic distances. Concern has been expressed that, as a practical application, it is too 
time consuming, and the responses on the same host vary between distant geographical 
regions (Manzanilla-Lopez et al., 1996, 2002). Manzanilla-Lopez et al. (1996), testing 
the infection response of nine Mexican and one Bolivian population on several hosts, 
found that the response was not consistent in crops like potato and bean. This 
inconsistency suggested to the authors that adaptability to cause infection in new hosts 
could be easy and rapid. Furthermore, a lack of reproducibility of the race classification 
makes it an unreliable approach to be used to identify populations and reduces its efficacy 
as a management tool (Veremis et al., 1997; Manzanilla-Lopez et al., 2002, 2010).  
 
5. 4. BIOCHEMICAL AND MOLECULAR VARIABILITY OF Nacobbus aberrans 
sensu lato 
Given the ambiguous and inconsistent morphological, cytological and 
physiological results observed in efforts to identify subgroups of N. aberrans, 
biochemical and molecular approaches were readily applied to address questions of 
taxonomic status (Baldwin and Cap, 1992; Ibrahim et al., 1997; Manzanilla-Lopez et al., 
2002). A study of seven Argentinean populations of N. aberrans from different hosts was 
examined for enzymatic phenotypes based on electrophoretic patterns. It was found that 
separation of catalases (CA), malic enzyme (ME), hexoquinase (HK), esterases (ES), 
aspartate aminotransferase (AAT), and malate dehydrogenase (MDH) provided 
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reproducible zymogram patterns for all populations evaluated, indicating the presence of 
enzymatic polymorphisms within and among populations (Doucet and Gardenal, 1992). 
According to the authors, this variability seems largely unrelated to host preference, 
whereas some relationship was found among isolates from the same geographic region 
(Doucet and Gardenal, 1992).  
  Ibrahim et al. (1997) reported enzymatic differences across large geographic 
scales. They found that populations from Peru (F1 and F2), Mexico (F4) and Argentina 
(F5) had distinct acid phosphatase, ES and MDH phenotypes. These results were 
interpreted as providing evidence of genetic affinity between Peruvian populations (F1 
and F2) and between Mexican (F4) and Argentinean populations (F5). Also in this study, 
RAPD Operon “M” primers, restriction fragment length polymorphism (RFLP) analysis, 
and sequences of rDNA (ITS1-5.8S-ITS2) identified genetic variants among the four 
populations that provided support for a genetic relationship between F1 and F2 and 
between F4 and F5. Although only four populations were compared in this study, the 
results from two different genetic sources supported the existence of at least two 
subspecific categories in N. aberrans. The authors recognized the limitation of their 
sample size and pointed out the necessity of expanding the representative number of 
populations, physiological variants (hosts), and a wider geographic region.  
Reid et al. (2003) conducted a study increasing the number of populations and 
covering a wider geographic range. Twelve populations of N. aberrans from Mexico, 
Bolivia, Peru, Ecuador, and Argentina were tested to evaluate the genetic variability by 
RFLP analysis and phylogenetic analysis of rDNA (ITS1) sequences. Neighbor Joining 
trees supported the recognition of three different groups according to geographic locality. 
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They were, 1. Peru and Bolivia; 2. Mexico, Ecuador and Argentina1; 3. A single 
population from Argentina referred as Argentina2. Molecular variation was displayed by 
ITS-RFLP and ITS sequences through a subsequent study in one population of infected 
sweet pepper roots in the Argentinean lowlands (Vovlas et al., 2007) similar to the 
“Argentina2 group” found by Reid et al. (2003). This observation reconfirmed the 
presence of two distinct groups splitting Argentina between the highlands versus 
lowlands genotypes of N. aberrans. These results, in part, agree with the results of the 
morphometric analysis conducted by Manzanilla-Lopez et al. (1999). Both studies 
support the hypothesis of N. aberrans being a species complex composed of at least three 
different entities. Based on these results, Reid et al. (2003) proposed to consider all 
Bolivian populations, including Cochabamba, Bolivia, as topotypes (the type locality of 
N. serendipiticus bolivianus), at the rank of species using the name N. bolivianus 
Lordello, Zamith and Boock, 1961. 
Anthoine and Mugniery (2005b) examined a larger portion of the rDNA region  
(partial 18S, ITS1, 5.8S, ITS2 and partial 26S) using PCR-RFLP  (AluI, HinfI, DdeI and 
MspI) of N. aberrans from South America. Again three groups were observed supporting 
the view of N. aberrans as a complex of species. However, due to the high degree of ITS 
polymorphim and variable PCR-RFLP patterns, the suitability of the ITS region for 
species recognition was questioned by the authors. Inter-Simple Sequence Repeats 
(ISSR) were tested by Lax et al. (2007) to determine the genetic structure of N. aberrans 
from different hosts and geographic locations within Argentina. They tested populations 
from potato, tomato and one weed (Chenopodium album L.) from nine localities across 
Argentina: Buenos Aires (BA1, BA2), Catamarca (CAT), Cordoba (COR), Mendoza 
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(MEN), Salta (SA1, SA2), and Tucuman (TU1, TU2) covering most of the areas where 
N. aberrans is distributed. This study included isolates from the Andean region and the 
subtropical lowlands. Based on a matrix of population pairwise FST, together with 
unweighted pair group arithmetic clustering and AMOVA analysis, they identified four 
groups. They were, 1. BA2 and COR (tomato and weed); 2. SA2 (potato); 3. BA1, MEN 
and TU1 (tomato); 4. TU2, SA1 and CAT (potato). Group 2 (SA2) was strongly 
separated from the other groups. AMOVA analysis found that greater variation existed 
within populations (95% of the total) than among populations (5%). They concluded that 
the amphimictic mode of reproduction may be responsible for the high levels of within 
population variation and also noted a slight indication of population similarity from 
common hosts. They also noted a strong genetic differentiation between populations from 
potato located near the Bolivian border and all other populations. It was suggested that 
these distinct populations might belong to the species N. bolivianus, although controls to 
support this conclusion were lacking.   
 
6. SPECIES CONCEPT IN Nacobbus aberrans (THORNE, 1935) THORNE & 
ALLEN, 1944 
Although there is evidence that supports the hypothesis of N. aberrans as a 
species complex, most of the approaches developed to test the hypothesis do not include 
an articulated species concept. Efforts to apply the biological species concept in 
populations of N. aberrans were performed by Anthoine and Mugniery (2006). They 
evaluated in vitro mating experiments of five South American populations: N1. Bolivia-
potato, N2. Peru-potato, N3. Argentina-potato, N4. Peru-tomato and N5. Argentina-
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tomato. The results of host race classification indicated that populations belonged to 
potato races (N1, N2, N3) and sugar beet (N4 and N5) and most of mating tests 
performed among populations N1, N2 and N4 were able to produce viable and fertile 
offspring in up to three generations regardless of geographic origin or race group. The 
population N5 had weak mating success with no viable and fertile progeny. The authors 
suggested that Nacobbus species complex in South America is composed of at least two 
biological species.  
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8. FIGURE CAPTIONS 
 
Fig. 1. Rosary-bead symptoms caused by the infection of N. aberrans. a) tomato roots, b) 
sugar beet roots. 
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CHAPTER II 
 
 TAXONOMY OF THE FALSE ROOT-KNOT NEMATODE Nacobbus aberrans 
(Thorne, 1935) Thorne & Allen, 1944 WITH AN EMPHASIS ON NORTH 
AMERICAN POPULATIONS 
 
1. INTRODUCTION 
The False Root-knot Nematode Nacobbus aberrans (Thorne, 1935) Thorne & 
Allen, 1944 is indigenous to the Americas with a distribution that extends from its 
southernmost point along the eastern coastal lowlands of Argentina to its furthest 
recorded point north in western Nebraska (Manzanilla-Lopez et al., 2002). In South 
America, it is common in the high elevation Andean potato growing regions of 
Argentina, Bolivia, Chile, Ecuador, and Peru. It has not been found in Central America 
(Manzanilla-López, 2010). It is widespread in the central Mexican region including the 
states of Hidalgo, Mexico, Morelos, Oaxaca, and Puebla and the comparatively dry 
northern valleys in Zacatecas. Historically Nacobbus species have been recorded in the 
central and western region of the United States including California, Colorado, Kansas, 
Montana, Nebraska, Texas, Utah, and Wyoming (Thorne, 1935; Caveness, 1959; 
Schuster and Thorne, 1956; Johnson, 1971; Inserra et al., 1983; Inserra et al., 1996; Gray 
et al., 1997; Inserra et al., 2005; Manzanilla-Lopez et al., 2002; Manzanilla-Lopez, 
2010). In the U.S. today, the nematode is only known to exist in the sugar beet production 
region of western Nebraska (Harveson et al., 2003).  
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Throughout its geographic range, Nacobbus aberrans displays considerable 
physiological (Inserra et al., 1983, 1984; Boluarte and Jatala, 1993: Toledo et al., 1993; 
Ortuño et al., 1997; Castiblanco et al., 1999; Manzanilla-Lopez et al., 1996; Veremis et 
al., 1997; Manzanilla-Lopez, 1997; Manzanilla-Lopez et al., 2002; Suarez et al., 2009), 
morphological (Sher, 1970; Jatala and Golden, 1977; Cid del Prado, 1986, 1993; Doucet 
and Di Rienzo, 1990; Cid del Prado, et al., 1997; Manzanilla-Lopez et al., 1999; Lax et 
al., 2007), cytological (Jatala and Boluarte, 1993; Martinez et al., 1995; Anthoine and 
Mugniery, 2005), biochemical (Doucet and Gardenal, 1992; Ibrahim et al., 1997) and 
molecular variation (Ibrahim et al., 1997; Reid et al., 2003; Anthoine and Mugniery, 
2005a, b; Lax et al., 2007; Vovlas et al., 2007). This variation has contributed to 
uncertainties regarding taxonomic status of N. aberrans isolates and raises questions 
about appropriate management strategies for reducing yield loss in N. aberrans infested 
fields. 
The physiological variation is most frequently manifested in the ability to infect 
and complete reproduction on a set of host plant species. This differential reproduction 
has led to the recognition of “ host races or pathotypes ” within N. aberrans (Inserra et 
al., 1983, 1984; Toledo et al., 1993; Castiblanco et al., 1999; Manzanilla-Lopez et al., 
2002).  In its simplest form, N. aberrans is considered to be comprised of three host 
races; potato, bean, and sugar beet (Inserra et al., 1984; Manzanilla-Lopez et al., 2002). 
In temperate highlands of Argentina, Bolivia and Peru, the potato host race of N. 
aberrans severely limits the potato production and causes yield losses up to 60% (Franco, 
1994) whereas in the tropic lowlands of Argentina, the sugar beet race is considered an 
economic problem in tomato and pepper production (Lax et al., 2006; Suarez et al., 
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2009). Both host races reproduce on tomato and sugar beets, but the inability to 
reproduce on chili pepper distinguishes the potato group, and the inability to reproduce 
on potato distinguishes the sugar beet race. The bean host race is found in the Mexican 
state of Zacatecas, where it infects bean and chili pepper, but not potato, tomato, or sugar 
beet (Manzanilla-López et al., 2002; Toledo et al., 1993). In the diverse agricultural 
region of central Mexico, where N. aberrans causes severe yield losses in tomato, chili 
pepper, bean, sugar beet, and chard, the host race system appears to break down, due 
either to a mixture of host races or the presence of unrecognized and uncharacterized new 
host races (Manzanilla-Lopez et al., 2002; Cristobal-Alejo et al., 2006). Surprisingly, 
there are no published reports of potato as a host for N. aberrans in Mexico in spite of a 
long history of potato production in the country  (Toledo et al., 1993; Cid del Prado et al., 
1997; Manzanilla-Lopez et al., 2002). 
Morphological variation within Nacobbus has led to the description of several 
species, which have been taxonomically shuffled between synonymization, resurrection, 
and recognition as species inquirendae (Sher, 1970; Reid et al., 2003; Anthoine and 
Mugniery, 2005a, b; Manzanilla-Lopez, 2010). Nacobbus dorsalis Thorne & Allen, 1944, 
the type species of the genus, was discovered on filaria Erodium circutarium (L.) L’Her., 
a naturalized winter annual, at the mouth of Caliente Canyon, near Bakersfield, 
California. This species has rarely been associated with agronomic hosts and observations 
of living specimens have not been reported during the last 35 years (B. Robbins, Pers. 
Comm.; Siddiqui et al, 1973). N. aberrans (Thorne, 1935) Thorne and Allen, 1944 was 
originally discovered parasitizing a native plant species from the arid west. Found on 
spiny saltbush, Atriplex confertiflora (Torr. & Frem.) S. Wats., in the desert foothills west 
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of Utah Lake, Utah, N. aberrans differed from N. dorsalis in morphological 
characteristics associated with the position of the vulva in immature females, male tail, 
and general body shape of the mature female (Sher, 1970). A third species, N. 
batatiformis Thorne and Schuster, 1956 was described from western Nebraska based on 
female body shape, phasmid position, and ratio of tail length to vulva-anus length, but it 
was most notable for its wide host range of native and cultivated plants, representing 22 
families (Thorne and Schuster, 1956). N. serendipiticus Franklin, 1959 was described 
from a greenhouse tomato culture in Berkshire, England and N. serendipiticus bolivianus 
Lordello, Zamith, & Boock, 1961 was described from potato at Cochabamba, Bolivia, 
primarily based on morphological characteristics of the males.  
In 1970, S.A. Sher reviewed the genus and synonymized N. batatiformis, N. 
serendipiticus, and N. serendipiticus bolivianus with N. aberrans, based on his 
assessment that “no morphological differences were observed” among type material 
(Sher, 1970). While this taxonomic arrangement simplified the nomenclature, questions 
persisted about the possibility of Nacobbus aberrans actually existing as a complex of 
closely related species (Jatala and Golden, 1977; Baldwin and Cap, 1992). Molecular 
analyses of N. aberrans, started in 1997 with an analysis of four isolates, two from Peru 
and one each from Mexico and Argentina, using a combination of biochemical and 
molecular approaches such as isoelectric focusing of non-specific esterases, RAPD-PCR, 
RFLP-PCR of the ITS region, and nucleotide sequencing of 5.8S rDNA (Ibrahim et al., 
1997).  
Ibrahim et al. (1997) results provided an indication of what was to follow in 
future analyses in other laboratories. Their isolates from the Peruvian Andes were distinct 
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from Mexican and Argentinean isolates. Nucleotide distance measured by a pairwise 
analysis of 5.8S rDNA sequences was less than 1% between Mexico and Argentina, but 
4-5% between Peruvian, Mexican or Argentinean. Next, Reid et al. (2003) analyzed the 
ITS region, expanding the number of examined popultions to twelve, with representative 
collections from Argentina, Bolivia, Ecuador, Mexico, and Peru. His neighbor-joining 
distance analysis supported three geographically distinct groups. The first group clustered 
populations from Bolivia and Peru. A second group consisted of populations from 
Argentina, Ecuador and, Mexico. The third group was represented by a single population 
from Argentina. Subsequent studies identified additional differences between Andean and 
lowland populations from Argentina (Vovlas et al., 2007). These results lead to the 
resurrection and taxonomic elevation to species status of Nacobbus bolivianus (Reid et 
al., 2003; Anthoine and Mugniery, 2005b; Lax et al., 2007). PCR using Inter-Simple 
Sequence Repeats (ISSR), recorded high levels of genetic variation within Argentinean 
populations of N. aberrans associated with different hosts. The polymorphic patterns and 
pairwise FST values provided slight support for grouping populations by plant host (Lax 
et al., 2007). 
Lacking from all the molecular analyses mentioned above, is the inclusion of the 
single isolate of N. aberrans known from sugar beet in western Nebraska (Thorne and 
Schuster, 1956). The research presented in this study includes the Nebraska isolate, 
together with other previously uncharacterized isolates from northern and central Mexico 
in a genetic and taxonomic analysis of Nacobbus aberrans (Thorne, 1935) Thorne and 
Allen, 1944.  
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Most of the studies performed to date that address the taxonomic status of N. 
aberrans do not articulate a species concept nor do they specify a set of operational 
approaches that could be applied to delimit species (Manzanilla-Lopez, 2010). In this 
study, we use the phylogenetic species concept of Wheeler and Platnick (2000) where a 
species is defined as “the smallest aggregation of (sexual) populations or (asexual) 
lineages diagnosable by a unique combination of character states”. We also adopt the 
species discovery approach described by DeSalle et al. (2005). Our initial hypothesis is 
that isolates from different geographic regions are different species. We then test the 
geographical null hypothesis with physiological, morphological, and DNA characters. If 
we can reject the null hypothesis with characters that confirm the isolates are different, 
we conclude the isolates belong to separate species. 
Unique to this study is the application of morphological and molecular analyses 
on individual nematodes within the sampled populations. The same individual nematodes 
examined morphologically were processed for molecular analysis with each of the three 
genetic markers (two nuclear and one mitochondrial markers). The overall objective is to 
determine the taxonomic status of the isolates and assess relationships among the isolates. 
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 2. MATERIALS AND METHODS 
 
2.1. NEMATODE SOURCE 
Soil samples were collected from the root zones of native and agronomic plants 
from western Nebraska, USA; central and north Regions of Mexico and the coastal 
lowlands of eastern Argentina (Table 1 and Fig. 1). Live cultures of each isolate were 
established in greenhouse under quarantine conditions on the susceptible host Tomato cv 
Rutgers with 23 ± 2°C on two pots with two plants each (Toledo et al., 1993; Lax et al., 
2007).  Nematodes were cultured in the same host in order to reduce the possible effect 
original host might have on nematode morphology. Starch concentration in the roots have 
been shown to influence the nematode morphometrics (Duncan et al., 1998, Lax et al., 
2007). Nematodes were cultured in isolation from each other to avoid cross 
contamination.  
After 90 days, all isolates were examined to determine if the nematode population 
increased on the susceptible host. Infection severity was scored by counting the number 
of well-developed galls according the severity index established by Castiblanco et al. 
(1999).  Roots were carefully washed to separate the soil particles adhering to the galls. 
Dissection of randomly selected galls was accomplished with the aid of dissection 
needles, viewed under the stereo microscope in order to collect egg masses.  Egg masses 
were placed in sterile water in glass syracuse dishes and incubated at 23 ± 2 °C from 24 
to 48 hours to facilitate the hatching of second stage juveniles (J2). New susceptible 
plants were transferred into each pot to maintain the populations. All morphological and 
molecular analyses were conducted on individual specimens of second stage juveniles to 
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maintain continuity among methods. Measurements were conducted on living nematodes 
to avoid artifacts associated with formalin fixation (Brown and Topham, 1984; 
Manzanilla-Lopez et al., 1999). 
 
2.2. MORPHOMETRIC ANALYSIS 
Live nematodes (J2) of each population (n= 10-41) from the common host were 
randomly picked, placed in a drop of water, lightly anesthetized with low heat, and 
mounted on 2% water-agar (Esser, 1986). Then each nematode was photographed and 
analyzed morphometrically using light microscopy (Leica DMLB) with an ocular 
micrometer at 1000x magnification. The following morphometric variables were 
determined: body length (BL), body diameter (BD), stylet length (SL), distance from 
stylet base to dorsal pharyngeal-intestine junction (DGO), pharynx length (PL), distance 
from the anterior end to the gland tip (DAEGT), tail length (TL), anal body diameter 
(ABD) and derived variables (De Man’s ratio) a, b, b’, c and c’ (Manzanilla-Lopez et al., 
1999). Standard descriptive statistics were calculated. Since some values deviated from 
normal distribution, the original data was logarithmically transformed to log10 (Stock 
and Kaya, 1996; Afifi et al., 2004). Multivariate statistical analysis was performed on all 
isolates by Principal Component Analysis (PCA) to determine the grouping tendencies of 
all individuals of N. aberrans, where the variances of all original variables 
(morphometric measurements) were transformed and reduced to a linear combination of a 
smaller set of interrelated variables (principal components) (Afifi et al., 2004). All 
morphometric variables were subjected to a Stepwise Discrimination Analysis 
(STEPDISC) one by one to screen the best combination of variables that might give 
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significantly better discrimination of all isolates of N. aberrans (Stock and Kaya, 1996; 
Ye and Robbins, 2004).  
Canonical Discriminant Analysis (CANDISC), a dimension-reduction technique 
related to Stepwise Discriminant Analysis, was performed on the set of classification 
variables significantly important to derive canonical variables in order to evaluate the 
level of separation between populations and to verify the groups obtained previously by 
PCA (Stock and Kaya, 1996; Ye and Robbins, 2004). All multivariate procedures were 
conducted using SAS software (Statistical Analysis System, version 9.2).  
 
2.3. MOLECULAR ANALYSIS 
2.3.1 DNA AMPLIFICATION AND SEQUENCING 
After morphometric measurements, each living specimen was carefully recovered 
from the water-agar media and smashed individually with a micropipette tip under a 
dissection microscope in 20 µl of distilled water (Powers and Harris, 1993). The smashed 
nematode (nematode-DNA template) was immediately transferred into a microcentrifuge 
tube, put in a cooler (4°C) and then stored at -20°C until use. Five µl of this smashed 
product was then used directly as DNA template for the Polymerase Chain Reaction 
(PCR) with negative controls (distilled water DNAse and RNAse free). Each nematode-
DNA template was amplified for three molecular markers. Each isolate was represented 
by 3-35 randomly selected specimens for amplification. The molecular markers consisted 
of: 1. The Internal Transcribed Region 1 of the nuclear ribosomal repeating unit, using 
the primer set (forward rDNA2 5’-TTGATTACGTCCCTGCCCTTT-3’ and reverse 
rDNA1.58S 5’-ACGAGCCGAGTGATCCACCG-3’); 2. The D2-D3 expansion segment 
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of 28S gene (forward D2A 5’-ACAAGTACCGTGAGGGAAAGTTG-3’ and reverse 
D3B 5’-TCGGAAGGAACCAGCTACTA-3’) and; 3. The COII/16S portion of the 
mitochondrial genome (forward C2F3 5’-GGTCAATGTTCAGAAATTTGTGG-3’ and 
reverse 1108 5’-TACCTTTGACCAATCACGCT-3’). All reactions were conducted in 50 
µl total, 1.5 mM of PCR Buffer, 3.0 mM of MgCl2, 200 uM of dNTP mix, 0.4 uM of 
each primer, and 2.5 U of JumpStart (JS) REDTaq (Invitrogen®). The temperature 
conditions for the PCR amplification were 50 cycles total of 95°C for 3 min (Initial 
denaturation), 95°C for 0.15 sec (Main denaturation), 55°C for 0.15 sec (Main 
annealing), 0.5°C/sec to 72°C (Ramp rate to finish temperature), 72°C for 1 min (Main 
extension/elongation) and 72° for 5 min (final extension/elongation soak). 5 µl of PCR 
product and 8 µl of 100 bp ladder (Invitrogen®) were separated by electrophoresis on 1% 
agarose gel stained with 1 % Ethidium Bromide and visualized in Chemidoc EQ System 
(BioRad®). 
Amplified products were cleaned using Microcon centrifugal filters Ultracel® 
YM-100 membrane; quality and concentration of DNA was determined running 1 µl 
PCR products cleaned and 2.5 µl of Low DNA mass ladder (Invitrogen®) on 1 % 
agarose gel stained with 1 % Ethidium Bromide, visualized in Chemidoc EQ System 
(BioRad®) and submitted for sequencing at DNA Sequencing Core Facility of University 
of Arkansas for Medical Sciences.  
 
2.3.2. SEQUENCE ALIGNMENT AND PHYLOGENETIC ANALYSIS 
All sequences were assembled and edited using CodonCode Aligner software 
version 3.6.1 (CodonCode Corporation, Dedham, Massachusetts) and aligned with 
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MUSCLE (MUltiple Sequence Comparison by Log-Expectation) with default parameters 
(Edgar, 2004). Phylogenetic trees were built by Maximum Likelihood (ML) with 100 
bootstraps replications using PhyML 3.0 at http://www.phylogeny.fr/ (Guindon and 
Gascuel, 2003; Dereeper et al., 2008). Each molecular marker dataset was considered 
separately in the phylogenetic reconstruction. ITS1 sequences of N. aberrans and 
Pratylenchus coffeae Goodey, 1951 (outgroup) available from GenBank database were 
used to conduct the phylogenetic Bayesian inference (BI). For D2-D3 expansion gene 
marker, sequences of P. coffeae and P. neglectus Rensch, 1924 Filipjev and Stekhoven, 
1941 were used as outgroups. Sequences of Meloidogyne hapla Chitwood, 1949, M. 
haplanaria Eisenback et al., 2003, M. partityla Kleynhans, 1986, M. graminicola Golden 
and Birchfield, 1965, M. graminis Sledge and Golden, 1964 Whitehead, 1968 and M. 
chitwoodi Golden, O'Bannon, Santo and Finley, 1980 of the mitochondrial COII/16S 
marker were used as outgroups in order to build the ML consensus tree (Table 2). 
TREEFINDER was implemented to estimate and choose the best-fit maximum likelihood 
models and parameters to calculate the sequence divergence for each molecular marker 
dataset (Jobb, 2011). Bayesian inference was executed by MrBayes 3.1.1 (Ronquist and 
Huelsenbeck, 2003) using the sequences of ITS1 marker alone and in combination with 
all molecular markers (ITS1, D2-D3 and C2F3-1108). All Bayesian inferences started 
with random starting trees and included four chains with 1,500,000 (ITS1) and 610,000 
(combination of all markers) generations. The Markov chains were sampled with a 
frequency at intervals of 1000 generations. The burn in was set at 60 000 (ITS1) and 
6523 (all markers) trees with two independent runs to confirm the convergence of 
posterior probability (PP) distribution. The topology was used to build a 50% majority 
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rule consensus tree. Clades >95% PP were considered highly supported. The 
phylogenetic trees generated were visualized and edited using Treeview 1.6.6 (Page, 
1996). 
 
2.3.3. COLLAPSING AND GENETIC STRUCTURE; ANALYSIS OF 
MOLECULAR VARIANCE (AMOVA) 
All redundant sequences were collapsed into single haplotypes based on sequence 
identity and frequency using DNAcollapser on FaBox web toolbox (Villesen, 2007; 
http://www.birc.au.dk/software/fabox). A statistical analysis (Analysis of Molecular 
Variance = AMOVA) was performed for all haplotypes of each molecular marker dataset 
to determine the population genetic structure among and within populations of N. 
aberrans. AMOVA estimated the genetic structure indices (variance components) and Φ-
statistics (F-statistics analogs to the traditional analysis of variance), and evaluated the 
correlation of haplotype diversity present in all levels of hierarchical subdivision. The 
significance of the covariance components was tested through the use of non-parametric 
permutation procedure considering the assumptions that each mutation occurs in different 
sites and all of them are visible (i.e. the infinite sites model) (Excoffier et al., 1992; 
Excoffier, 2001). AMOVA analysis was conducted using Arlequin ver. 3.11 (Excoffier et 
al., 2005) applying the Tamura & Nei nucleotide substitution model (Tamura and Nei, 
1993) with 1000 permutations. Nucleotide (pi) and haplotype (h) diversity were 
calculated using the DNAsp version 4.0 software (Rozas and Rozas, 1997); interspecific 
and pairwise comparison of intraspecific genetic divergence was estimated using a 
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distance analysis with the nucleotide substitution model Kimura 2 parameter (K2P) using 
MEGA version 4.0 (Tamura et al., 2007). 
 
2.3.4. PHYLOGEOGRAPHIC AND NETWORK ANALYSIS 
For the purpose of the study of phylogeography, network analysis was only performed on 
sequences of the mitochondrial marker COII/16S. The number of sequences of N. 
aberrans isolates was increased to 109 for the total dataset. The Nebraskan isolate 
included 18 sequences. Chapingo1, Chapingo2, Montecillo and Xalatlaco isolates 
consisted of 6 sequences each, the isolate from Puebla included 10 sequences, and there 
were 35 sequences of the single isolate from Zacatecas (North Mexican region). 
Sequences differing by one nucleotide were considered unique haplotypes for 
phylogeographic analysis (Nieberding et al., 2005). Computation of mutational steps and 
construction of Minimum spanning networks among the haplotypes was performed using 
MINSPNET algorithm available in Arlequin ver. 3.11 (Excoffier et al., 2005). The 
median-joining algorithm (Bandelt et al., 1999) available in NETWORK ver. 4.5.1.6 
(Fluxus Technology Ltd; http:www.fluxus-engineering.com) was used to create the 
haplotype network. 
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3. RESULTS 
 
3.1. PHYSIOLOGY OF Nacobbus aberrans IN TOMATO var. Rutgers 
All N. aberrans isolates successfully completed a reproductive cycle and 
produced the typical rosary gall symptoms in the roots of tomato var. Rutgers (Fig. 2). 
There was, however, variation in the degree of infection severity (Table 10). The isolate 
from Scottsbluff, NE originally obtained on sugarbeet was able to reproduce on tomato 
producing a small number of galls that ranged from 4-9 on the galling index  (Fig. 2a). 
The isolate from Guadalupe, Zacatecas Mexico obtained from dry bean infected tomato 
plants as well, producing a range of 12-19 galls with a severity index of 2 (Fig. 2b). All 
isolates located in the central region of Mexico: Chapingo1 (tomato), Chapingo2 (chard), 
Montecillo (tomato), Xalatlaco (chard), and Puebla (dry bean) produced a high number of 
galls that ranged from 77-259 with a severity index of 4 (Fig. 2c). The isolates from 
Argentina, obtained originally from tomato and sweet pepper, produced the highest levels 
of infection with the number of galls on tomato ranging from 198-436, and a severity 
index of 4 (Fig. 2d).  
 
3.2. MORPHOMETRIC ANALYSIS 
The descriptive statistics of morphometric data for all isolates studied are 
presented in table 3. The mean, maximum, and minimum of morphometric and derived 
variables of all isolates overlapped with the previously reported ranges for N. aberrans 
(Thorne, 1935; Thorne and Schuster, 1956; Franklin, 1959; Lordello et al., 1961; Doucet 
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and Di Rienzo, 1990; Manzanilla-Lopez et al., 1999. See table 2.1). There was 
considerable morphometric variation in body length (BL), pharynx length (PL), distance 
from anterior end to gland tip (DAEGT), tail length (TL), and the derived variables c and 
c’. The Nebraska isolate had the greater range of values for 6 out of 13 characters and 
derived variables BL (357.13), BD (16.82), PL (112.30), DAEGT (154.23), TL (27.68), 
and c’ (2.82) although two characters had high standard deviations (BL s.d. ± 28.48 and 
BD s.d. ± 0.89). In contrast, the Zacatecas isolate had the smallest range of values for 5 
out of 13 characters BL (327.19), PL (105.33), DAEGT (138.51), a (20.77) and c’ (2.25). 
The values of the remaining isolates (Chapingo1, Chapingo2, Montecillo, Puebla, 
Xalatlaco, and all isolates from Argentina) overlapped with 10 out 13 morphometric 
characters. The characters with the smallest standard deviation among all the populations 
were body diameter BD (0.40), stylet length SL (zero), Dorsal Glandular Opening DGO 
(zero), tail length TL (1.08), anal body diameter ABD (zero), b (0.09), b’ (0.08) and c’ 
(0.09). 
 
3.2.1. PRINCIPAL COMPONENT ANALYSIS 
A partial tabulation of PCA eigenvalues (Table 4) shows that most of the 
variation is concentrated in the three first principal components (Prin1, Prin2, Prin3). The 
variance associated with the Prin1 and Prin2 contributed 31.12% and 30.21% 
respectively. The cumulative variance of the first three principal components was 
76.47%. Most of the morphometric variables in Prin1 (expressed by eigenvalues) had 
positive values and were positively weighted by tail length (TL), distance from anterior 
end to gland tip (DAEGT), and body length (BL), while the variables SL, DGO, had 
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negative values indicating that there was a negative covariation with the variables that 
had positive values. Prin2 and Prin3 were highly influenced by dorsal glandular opening 
(DGO) and DAEGT respectively so they were considered the most important variables 
(Table 5).  
The scatterplot of the two principal components with the most variation (Prin1 
and Prin2) shows three assemblages (Fig. 3). Group I was the largest assemblage 
consisting of all isolates from central region of Mexico (Chapingo1, Chapingo2, 
Montecillo, Puebla, and Xalatlaco) together with all isolates from Argentina. The isolate 
from Zacatecas (Northern Mexico) and Scottsbluff, Nebraska differed from each other 
and comprised their own assemblages, Group II and Group III respectively. The isolate 
from Nebraska is positioned on the positive side of Prin1 indicating higher values of the 
morphometric characters than the other N. aberrans isolates. In contrast, the Zacatecas 
isolate grouped on the negative side of Prin1, providing evidence that this isolate 
exhibited smaller values of morphometric characters. Isolates from central region of 
Mexico and all isolates from Argentina produced widely dispersed values resulting in a 
large assemblage. The scatterplot displayed a slight tendency to form separate groups in 
isolates from Nebraska and Zacatecas, which suggested that those isolates had the larger 
and smaller morphometric values respectively.  
 
3.2.2. STEPWISE DISCRIMINATION ANALYSIS 
Stepwise discrimination analysis found that all variables were significant as is 
shown by the partial r2 values (Table 6). The characters that played a significant role for 
discrimination of isolates of N. aberrans were TL (r2 = 0.5716), SL (r2 = 0.3609) and BD 
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(r2 = 0.3015). The characters DGO, BL, DAGT, ABD and PL were also entered and 
chosen in this order to separate groups. None of the characters were removed in the 
discrimination of these isolates. 
 
3.2.3. CANONICAL DISCRIMINANT ANALYSIS 
All morphometric variables BL, BD, SL, DGO, PL, DAEGT, TL and ABD were 
considered in the generation of canonical variables since none of them were removed 
based on Stepwise Discriminant Analysis. Therefore, eight canonical variables were 
generated to find the optimal combinations of morphometric characters necessary for the 
discrimination of Nacobbus isolates. The first five canonical variables Can1, Can2, Can3, 
Can4, and Can5 were statistically different from each other and best explained the 
separation of N. aberrans groups with cumulative variance of 97% and high eigenvalues 
that ranged from 0.1460 to 1.8283 (Table 7). The grouping within canonical structure 
values (Table 8) and grouping within-class (isolates) standardized canonical coefficients 
(Table 9) indicated that Can1 is positively correlated with TL (0.7794 and 0.8114 
respectively) providing evidence that the separation of N. aberrans groups was mainly 
due to this morphometric character.  The separation of groups in Can2 and Can3 is 
influenced by BD and TL. 
A graphical representation of the two first canonical variables (Fig. 4) shows that 
there is a tendency to separate three different groups of N. aberrans. One group was 
represented by the isolate from Scottsbluff, Nebraska (Group III). Another group was 
composed of all isolates from the central region of Mexico (Chapingo1, Chapingo2, 
Montecillo, Puebla, and Xalatlaco) together with all isolates from Argentina (Group I). A 
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final group was represented by the isolate from the northern region of Zacatecas, Mexico 
(Group II). 
 
3.3. GENETIC ANALYSIS 
 
3.3.1. PHYLOGENETIC ANALYSIS 
A total of 158 N. aberrans juvenile specimens representing twelve isolates were 
sequenced for three genetic markers following phenotypic assessment by light 
microscopy. There were 36 ITS1 GenBank sequences that could be added to our dataset 
to expand the geographic scope of the phylogenetic analyses. In the complete data set 
(N= 194), the number of shared haplotypes by multiple individuals for each molecular 
marker was 6/86, 8/53 and 9/55 for ITS1, D2-D3 and COII/16S respectively. Table 2 
presents the origin, hosts, and accession numbers/codes of ITS1, D2-D3 and COII/16S 
markers used for phylogenetic analysis.  
 
3.3.1.1 NUCLEAR RIBOSOMAL DNA, THE INTERNAL TRANSCRIBED 
SPACER 1  
The haplotype diversity of ITS1 sequences of twelve isolates and additional 
sequences from GenBank analyzed in this study, consisted of 74 unique haplotypes out of 
86 sequences. The multiple alignment showed the presence of insertion/deletions (indels) 
distributed across the sequence that altered amplification product length by as much as 85 
bp. Sequence length varied among specimens from all populations. In the alignment there 
were 341 conserved sites, 93 hypothesized indels, 119 phylogenetic informative sites and 
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58 autapomorphies. In the central region of Mexico, sequence lengths ranged from 475 to 
486 bp for five isolates (Chapingo1: 475-485 bp, Chapingo2: 484-486 bp, Montecillo: 
484 bp, Puebla: 481-484 bp, and Xalatlaco: 483-486 bp). For the isolate from 
Scottsbluff, (western Nebraska, USA) the length ranged from 462-470 bp, and the isolate 
from Zacatecas had a narrow range of 445-446 bp (north region of Mexico). All isolates 
from Argentina had relatively short lengths ranging from 436-442 bp (Chacra1: 436-438 
Chacra2: 442 bp, Los Hornos: 436, Hudson: 436 bp, and Lisandro Olmos: 438-439 bp).  
Importantly, 22 sequences were added from the Andean potato growing region of 
Peru, Argentina, and Bolivia. The phylogenetic relationship among all populations of N. 
aberrans was well resolved by Bayesian Inference analysis of ITS1 sequences (Fig. 5).  
A maximum likelihood analysis produced an identical overall structure although support 
values were not as strong as the Bayesian Inference analysis.  BI revealed six groups with 
high posterior probabilities (100%) (Fig. 5). The groups were structured according to 
geographic location with no evidence of grouping by host association. The ITS1 marker 
was the only marker that could be supplemented by nucleotide sequences from GenBank. 
Clade I was exclusively comprised of five haplotypes from Nebraska. Clade II included 
all the isolates from central region of Mexico analyzed in our laboratory, plus GenBank 
accessions that included three from Mexico that also had an origin in central region. 
These were:  M1- Montecillo, State of Mexico, M2- Santa Maria, Oaxaca, M3- 
Tecamachalco, Puebla. Five GenBank accessions that grouped in this clade did not share 
a central Mexican origin. These were M4, an isolate from dry bean in Zacatecas, two 
sequences from Argentina AY254359, AY827835 obtained from tomato and one from 
sugarbeet DQ318716, and a single sequence from Ecuador AY254365 that came from 
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tomato. Clade I and II combined at 100% posterior probability to form a sister clade to 
Clade III which was solely comprised of haplotypes from Zacatecas.  
There were three clades from South America; two of these clades were comprised 
solely of sequences from GenBank, both from the Andean region of Peru, Argentina, and 
Bolivia. Clade V was exclusively comprised of isolates from the high altitude Andean 
potato growing regions of Peru, Boliva, and Argentina. The ITS1 sequences of all isolates 
from lowland Argentina analyzed in this study (Chacra1, Chacra2,  Lisandro Olmos, Los 
Hornos, and Hudson) formed group IV together with three GenBank sequences also from 
Argentina and one sequence from Peru. A final Clade VI, included only GenBank 
sequences from Bolivia and Peru. Several sequences of this clade had been previously 
identified as coming from N. bolivianus (Fig. 5 VI). Each of eight sequences in group VI 
originated from specimens infecting potato in a relatively localized region of 
Cochabamba, Bolivia, the type locality where N. serendipiticus bolivianus was originally 
described (Lordello et al., 1961; Reid et al., 2003).  A maximum likelihood analysis of 
the total ITS1 dataset produced a tree with the same topology, but with reduced bootstrap 
support values.  
 
3.3.1.2. NUCLEAR RIBOSOMAL DNA, THE D2-D3 EXPANSION SEGMENT OF 
28S GENE 
After collapsing identical sequences, 30 unique haplotypes remained out of 53. 
The length of the D2-D3 expansion segment of 28S gene was 736 to 746 bp and the 
multi-alignment analysis showed indels that varied from 1-7 bp across the entire 
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sequence. There were 641 conserved sites, 20 hypothesized indels, 77 phylogenetic 
informative sites, and 12 autapomorphies.  
The phylogenetic analysis of D2-D3 expansion segment of the 28S gene by 
maximum likelihood consensus tree revealed four well-defined clades (Fig. 6). Similar to 
the ITS1 tree, the D2-D3 tree grouped N. aberrans isolates according to geographic 
distribution rather than host association.  Three North American clades have an identical 
topology to the ITS1 trees. The isolate from Nebraska, USA (Clade I) grouped with 
Clade II composed by all isolates from central region of Mexico (Chapingo1, Chapingo2, 
Montecillo, Puebla, and Xalatlaco) with strong bootstrap support value (100%) (Fig. 6 I, 
II). The isolate from Zacatecas had a well supported (bootstrap value 100%) clade (Fig. 6 
III), again formed a sister clade with a combined clade of I and II. The five isolates from 
the subtropical lowlands of eastern Argentina (Chacra1, Chacra2, Lisandro Olmos, Los 
Hornos, and Hudson) were grouped in a fourth distinct clade (Fig. 6 IV).  
 
3.3.1.3. PORTION COII/16S OF THE MITOCHONDRIAL GENOME 
The haplotype diversity of mitochondrial sequences consisted of 41 unique 
haplotypes out of 55 sequences. There were small differences in the sequence length of 
haplotypes, which ranged from 484-510 bp. Sequence length from the central region of 
Mexico included isolates from Chapingo1 (501-505 bp), Chapingo2 (503-504 bp), 
Montecillo (503-504 bp), Puebla (503-504 bp), and Xalatlaco (495-503). The sequence 
length of isolate from western Nebraska ranged from 484 to 505 bp. The length of 
haplotypes of isolates from lowlands of eastern Argentina ranged from 498-508 bp and 
included Chacra1 (507 bp), Chacra2 (506-508 bp), Lisandro Olmos (508 bp), Los Hornos 
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(498-508 bp), and Hudson (507-508). The isolate from Zacatecas had haplotype length of 
509-510 bp. The multiple alignment of all haplotypes exhibited 67 hypothesized indels 
from 1-3bp in size among the sequences, 631 conserved sites, 170 phylogenetic 
informative sites and 39 autapomorphies. The maximum likelihood phylogentic tree had 
strong support for all major nodes, again revealing a similar topology as the ITS1 and 
D2-D3 trees (Fig. 7).  
 
3.3.1.4. COMBINED ANALYSIS OF ITS1, D2-D3 rRNA AND COII/16S mtDNA 
The molecular data produced two different best-fit subtitution models, ITS1 (GTR 
+ G), D2-D3 (GTR + G) and mtDNA (HKY + G), that were used to produce a BI 50% 
majority rule consensus tree (Fig. 8). The phylogenetic analyses strongly supported the 
groupings as generated for individual genetic markers confirming a strong geographical 
structure of N. aberrans isolates (Fig. 5, 6 and 7). The BI analyses resolved the four 
major groups with 100 % posterior probability support values. 
 
3.3.2. MOLECULAR ANALYSIS OF VARIANCE (AMOVA) AND GENETIC 
STRUCTURE 
The variation components and percentage of variation calculated by AMOVA of 
the complete of N. aberrans dataset displayed significant differences when all haplotypes 
were assigned to groups generated by the phylogenetic inference (Maximum likelihood 
and BI) (Table 11). The AMOVA analysis of the three molecular markers dataset (ITS1, 
D2-D3 and COII/16S) revealed significant differences in genetic structure of all the 
hierarchical levels among the geographic groups of N. aberrans. The majority of the 
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genetic variation (76.09, 91.60 and 83.93 for each molecular marker respectively) was 
observed at the highest hierarchical level among geographic groups. The remaining 
variability was distributed among populations within groups (7.26 – 0.61) and within 
groups (16.62 – 7.78). The D2-D3 and COII/16S markers showed higher levels of 
significance than ITS1 in the analysis of N. aberrans. COII/16S, however, did not exhibit 
significant differences of variability among populations within groups.  
The overall genetic structure revealed by analyses of the nuclear markers (ITS1 
and D2D3) indicated that most of isolates from central region of Mexico and isolates 
from lowlands of Argentina had low level of haplotype and nucleotide diversity. Some 
isolates had no diversity such as Montecillo, Mexico and Chacra2, Argentina for the ITS1 
and Hudson, Argentina for D2-D3. The mitochondrial genome (COII/16S) revealed a 
higher level of nucleotide diversity within populations of N. aberrans. The highest level 
of nucleotide diversity within a population was from western Nebraska (7.1%). The mean 
values of intraspecific divergence among the six clades for the ITS1 nuclear marker were 
smaller than 2.0% (Table 12). Pairwise K2P values ranged from 0.8 to 1.90 for ITS1 and 
0.30 to 0.7 for the four groups of D2-D3 marker, whereas for the four groups of 
mitochondrial marker COII/16S, the genetic distance ranged from 0.40 to 6.90 (Table 
12). The interspecific divergence values using K2P substitution model were greater than 
3.3%, reaching a maximum of 25%. Values ranged from 3.4 to 11.0 for the nuclear 
marker ITS1, 3.3 to 8.0 for D2D3 marker, and 14.4 to 25.0 for the mitochondrial 
COII/16S (Table 13). 
 
3.3.3. HAPLOTYPE NETWORK ANALYSIS  
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The minimum spanning networks of 109 sequences of COII/16S of N. aberrans 
showed four groups connected from each other with genetic distance expressed by 
mutational steps (ms). The network pattern was congruent with the arrangement of 
groups defined geographically by phylogenetic analysis. The mitochondrial marker 
exhibited the best resolution according to the most parsimonious median-joining 
haplotype network (ε= 0). The mean number of ms was 74. Nebraskan group was 
separated from the group of the central region of Mexico by 67 ms. This Mexican group 
was separated from Argentinean group by 92 ms. The group from Argentina was 
separated from the group from Zacatecas, Mexico by 63 ms. The haplotype network of 
Clade II (isolates from central region of Mexico) and Clade IV (isolates from the 
Argentinean lowlands) presented star-like topology whereas Clades I and III clades 
displayed a heterogeneous topology (Fig. 9). 
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4. DISCUSSION 
This study was initiated to determine if Nacobbus aberrans is properly described 
as a single species or if it is comprised of multiple, morphologically similar species. The 
genetic analyses in this study clearly support the latter view. The nuclear and 
mitochondrial genetic markers, when applied to specimens from North and South 
America definitively revealed four genetically distinct groups, which were clear and of 
sufficient magnitude to suggest evolutionary divergence over a considerable evolutionary 
time period. The physiological and morphological analyses of the N. aberrans isolates in 
this study support differentiation, but less strongly. 
The different physiological responses of isolates of Nacobbus aberrans observed 
on tomato var. Rutgers indicate that the nematode has some degree of reproductive 
variation among isolates. Host-related physiological variability has been used to establish 
a scheme of classification of races or pathotypes of N. aberrans populations (Boluarte 
and Jatala, 1992, 1993; Toledo et al., 1993; Manzanilla-Lopez et al., 1996; Costilla et al., 
1996; Cid del Prado et al., 1997). Nacobbus isolates reproducing on sugar beet are 
typically expected to exhibit high rates of reproductive on tomato however, the low 
severity index on tomato observed in the Nebraskan population suggest that this isolate is 
not readily accommodated by the standard three host-race scheme. One other study has 
indicated the US isolate differs in host response from other isolates, but the authors did 
not specify the nature of the differences (Boluarte and Jatala, 1993). Similar to the 
Nebraska isolate, the isolate from Zacatecas, Mexico affecting dry bean was able to infect 
tomato at a low level (severity index of 2). This contrasts with the typical zero 
reproduction response of the bean host-race on tomato, raising more questions about the 
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validity of a classification scheme for Nacobbus species based on host infectivity and 
reproduction (Balwin and Cap, 1992; Toledo et al., 1993; Manzanilla-Lopez et al., 2002). 
Morphology has traditionally been the source of characters for species discovery 
and description in nematology (Southey, 1986; Fortuner, 1991; Siddiqi, 2000). It was on 
morphological grounds that Sher (1970) synonymized N. batatiformis, N. serendipiticus, 
and N. serendipiticus bolivianus with N. aberrans.  
The descriptive statistics of morphometric measurements of second stage 
juveniles (Table 2) indicates that populations from Chapingo1, Chapingo2, Montecillo, 
Puebla and Xalatlaco, (Central Region of Mexico) and all populations from Argentina, 
form a phenetic grouping. Similar results were reported by Manzanilla-Lopez et al. 
(1999). The isolate from Zacatecas, which showed less morphometric variation among 
juveniles formed a discrete grouping, and the Nebraska isolate which displayed relatively 
high level of morphological variation among juveniles, grouped separately from the 
former two groups.  
Other studies have observed clustering of Nacobbus isolates by juvenile 
morphology. Doucet and Di Rienzo, (1990), Manzanilla-Lopez et al. (1999), and Lax et 
al. (2006) found that the same J2 morphometric characters identified in our analysis (TL, 
SL, BD, DGO, ABD and De Man’s ratio: a, b, b’, and c’) were considered as key 
variables to separate populations of Nacobbus from Mexico and South America. Our 
analyses differ from theirs in that they identified several characters as useful for 
identification (BL, conus length, distance from anterior end to median valve, esophageal 
length, and c ratio) that our analyses discounted. However, the Canonical Discriminant 
Analysis confirms the existence of three assemblages produced by Principal Component 
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Analysis and the pattern of distribution of the groups remained practically the same when 
the morphometric characters BL, DAEGT, PL and De Man’s ratio c were removed based 
on the Stepwise Discrimination Analysis. The grouping obtained by CDA in this study 
closely compared with those obtained by Manzanilla-Lopez et al. (1999); where the CDA 
of J2 of N. aberrans populations showed that two populations from Argentina fall into a 
large group with populations from the central region of Mexico (Hidalgo, Puebla, 
Morelos and State of Mexico) and were distinct from Peruvian and Bolivian populations. 
The key variables to distinguish the groups were basically the same except for the 
inclusion of body length (BL).  
Given the physiological and morphometric variation observed among all 
Nacobbus isolates analyzed in this study which had been found also by other researchers 
(Doucet and Di Rienzo, 1990; Baldwin and Cap, 1992, Manzanilla-Lopez et al., 1999; 
Manzanilla-Lopez et al., 2002; Lax et al., 2006), it was expected to find some component 
of genetic variability among isolates that could lead to the clarification of the taxonomic 
status of Nacobbus aberrans sensu Sher.  
Earlier studies suggest that populations from western Nebraska originally 
described as N. batatiformis (Thorne and Schuster, 1956) and considered as the “sugar 
beet group” based on the range hosts (Inserra et al., 1996, Manzanilla-Lopez et al., 2002), 
might be a separate species rather than a synonym of N. aberrans sensu Sher. This 
hypothesis is supported in this study. There is strong evidence of distinct genetic 
separation of the Nebraskan isolate from all other isolates. Phylogenetic analyses, the 
genetic distance among haplotypes, and the statistical differences in the molecular 
analyses of variance, all lead to the rejection of the null hypothesis that the Nebraska 
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isolate is identical with other isolates. Therefore we believe that N. batatiformis is a valid 
species. 
The results of this study similarly suggest that the dry bean population from 
Zacatecas located in northern region of Mexico, might also be considered a separate 
species. This hypothesis is also supported by the Bayesian Inference of ITS1, maximum 
likelihood of D2-D3 and mitochondrial COII/16S as well as the AMOVA and network 
analysis. We believe it will be necessary to test this hypothesis by sampling more 
populations from northern Mexico. Physiological variation has been reported from 
populations of Nacobbus located in this arid region of Mexico (Toledo et al., 1993; 
Manzanilla-Lopez et al., 2002). A single ITS1 GenBank accession of a Nacobbus isolate 
(M4) from Zacatecas, Zacatecas, Mexico grouped within the large central Mexican clade, 
indicated that mixed populations of haplotypes might exist in Mexico. Cross 
contamination of greenhouse cultures could also explain this result.  
The largest clade produced by the phylogenetic analysis of ITS1, D2-D3 and 
COII/16S is composed of all isolates of N. aberrans evaluated in this study located in the 
central region of Mexico. These results agree with the findings of Reid et al. (2003) 
where ITS1 sequences of Mexican N. aberrans populations (M1, M2, M3) obtained from 
tomato located in the states of Mexico, Oaxaca and Puebla group together within the 
same clade. This region is located in high altitudes (> 7000 ft) and includes the states of 
Hidalgo, Mexico, Morelos, Oaxaca, Puebla and Tlaxcala which are characterized by a 
homogeneous climate and intensive agricultural production of vegetables readily 
parasitized by Nacobbus  (tomato, chili pepper, bean, beet, spinach and chard) (Cristobal-
Alejo et al., 2006).  The interchange of propagative plant material within this area may 
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influence the genetic structure of N. aberrans within this region (Manzanilla-Lopez, 
2010). It may be difficult to disentangle the contribution to Nacobbus genetic structure 
made by agricultural commerce.  
All Argentinean isolates evaluated in this study (Chacra1, Chacra2, Lisandro 
Olmos, Los Hornos, and Hudson from the Province of Buenos Aires) formed a discrete 
group. This result, together with other published results that included isolates from 
eastern Argentina (Manzanilla-Lopez et al., 2002; Reid et al., 2003; Vovlas et al., 2007), 
support the hypothesis of a significant genetic break between eastern and western 
populations of N. aberrans in Argentina. Evidence of geographical structure among 
populations or species of plant-parasitic nematodes in not commonly observed. Most 
often it is assumed that nematode movement associated with human transport of 
agricultural commodities have obscured any phylogeographic or biogeographic patterns 
(Millar et al., 2009; Manzanilla-Lopez, 2010). Recently this view has been challenged by 
molecular analyses of the potato cyst nematodes, Globodera rostochiensis Wollenweber, 
1923 and Globodera pallida (Stone, 1973) Behrens, 1975 in the Andean region of 
Bolivia and Peru (Picard and Plantard, 2006; Picard et al., 2007; Picard et al., 2008; 
Plantard et al., 2008). Analyses of mitochondrial DNA of this pair of South American 
cyst nematodes, supported an ancient division of the two nematode species, possibly by 
orogenic events during the Miocene epoch, followed by further differentiation among 
isolated mountain valleys (Picard et al., 2008).  Judging from the magnitude of the 
genetic breaks separating the four major groups of Nacobbus aberrans examined in this 
study, differentiation has occurred over a long period of isolation.  
The phylogenetic trees of the nuclear and mitochondrial markers analyzed, either 
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separately or combined as a single data set, display and identical topology indicating that 
N. aberrans sensu Sher has an underlying genetic structure reflected by its geography. 
The factors responsible for that geographic pattern are unknown and difficult to surmise. 
The genetic structure of D2-D3 and COII/16S sequences from nematodes the central 
region of Mexico and the Argentinean lowland region may provide some clues to their 
distribution. They are both characterized by low nucleotide and haplotype diversity 
within isolates, and the “star-like” topology displayed in the haplotype network suggest 
that those isolates might be the result of recent expansion from relatively few individuals 
(Avise, 2000; Nieberding et al., 2004; Nieberding et al., 2005). It will most likely require 
extensive sampling of native hosts in North and South America to further determine the 
source of those individuals. Nonetheless, the evidence of geographic localization, large 
genetic distances among phylogenetic groups, and a potentially broad host range 
indicates that by predominately focusing on isolates parasitizing agronomic hosts, much 
of the taxonomic diversity within Nacobbus may be overlooked.    
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6. FIGURE CAPTIONS 
 
Fig. 1. Map of American continents showing the distribution of Nacobbus aberrans 
isolates analyzed in this study.  
 
Fig. 2. Rosary symptoms produced by Nacobbus aberrans isolates on Tomato var. 
Rutgers. a) Scottsbluff, Nebraska, USA. b) Zacatecas, Mexico. c) Central Region 
of Mexico (Chapingo1, Chapingo2, Montecillo, Xalatlaco, and Puebla). d) 
Buenos Aires Argentina. 
 
Fig. 3. Principal Component Analysis plot of N. aberrans isolates collected in different 
hosts from USA, Mexico, and Argentina. Capital letters represent the isolate 
origin.   
 
Fig. 4. Canonical Discriminant Analysis plot of Nacobbus aberrans isolates from USA, 
Mexico, and Argentina collected in different hosts. Capital letters represent the 
isolate origin.  
 
Fig. 5. Bayesian 50% majority rule consensus tree from two runs as inferred by the ITS1 
alignment under the GTR + G model. Roman numerals I–VI indicate major 
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clades: I. Nebraska, USA, II. Central Region of Mexico (Chapingo1, Chapingo2, 
Montecillo, Xalatlaco, and Puebla), III. North Region of Mexico (Zacatecas). IV. 
Eastern Lowlands of Argentina. V. South America, VI. Andean Region 
(Nacobbus bolivianus). Taxa labeled with AY, AM, and DQ accession numbers 
were obtained from GenBank. Number in parenthesis indicates shared haplotypes. 
Posterior probabilities (1= 100%) are given for appropriate clades.  
 
Fig. 6. Maximum Likelihood phylogenetic tree inferred by the D2-D3 expansion segment 
of 28S gene alignment. Roman numerals I–IV indicate major clades: I. Nebraska, 
USA, II. Central Region of Mexico (Chapingo1, Chapingo2, Montecillo, 
Xalatlaco, and Puebla), III. North Region of Mexico (Zacatecas). IV. Eastern 
Lowlands of Argentina. Number in parenthesis indicates shared haplotypes. 
Bootstrap support values (1= 100%) are given for appropriate clades. 
 
Fig. 7. Maximum Likelihood phylogenetic tree inferred by the mitochondrial COII/16S 
gene alignment of N. aberrans. Roman numerals I–IV indicate major clades: I. 
Nebraska, USA, II. Central region of Mexico (Chapingo1, Chapingo2, 
Montecillo, Xalatlaco, and Puebla), III. Northern region of Mexico (Zacatecas). 
IV. Eastern lowlands of Argentina. Number in parenthesis indicates shared 
haplotypes. Bootstrap support values (1= 100%) are given for appropriate clades. 
 
Fig. 8. Bayesian 50% majority rule consensus tree from two runs as inferred by the 
combined ITS1, D2-D3 expansion segment of 28S gene and COII/16S gene of N. 
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aberrans. Roman numerals I–VI indicate major clades: I. Nebraska, USA, II. 
Central region of Mexico (Chapingo1, Chapingo2, Montecillo, Xalatlaco, and 
Puebla), III. Northern region of Mexico (Zacatecas). IV. Eastern lowlands of 
Argentina. Posterior probabilities (1= 100%) are given for appropriate clades.  
 
Fig. 9. Most parsimonious median-joining network constructed using 87 haplotypes 
mitochondrial COII/16S gene sequences of N. aberrans. Four main groups are 
represented in each clade according to the geographic origin. Numbers between 
clades indicate the mutational steps separation between groups. The size of the 
circle indicates the proportion of haplotypes represented. 
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U: Puebla, Mexico (Bean) 
H: Los Hornos, Buenos Aires, Argentina (Tomato) 
R: Chacra1 Experimental de Gorina, Buenos Aires, Argentina (Pepper) 
A: Chacra2 Experimental de Gorina, Buenos Aires, Argentina (Tomato) 
L: Lisandro Olmos, Buenos Aires, Argentina (Tomato) 
B: Hudson Berazategui, Buenos Aires, Argentina (Tomato) 
Z: Zacatecas, Mexico (Bean) 
N: Scottsbluff, Nebraska, USA (Sugar beet) 
C: Chapingo1, Mexico (Tomato) 
G: Chapingo2, Mexico (Chard) 
P: Colegio de Postgraduados, Montecillo, Mexico (Tomato) 
X: Xalatlaco, Mexico (Chard) 
 
 
 
 
FIGURE 3. 
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7. TABLES 
 
Table 1. Origin, distribution, and hosts of the false root-knot nematode Nacobbus 
aberrans isolates. 
Origin Location Crop 
Altitude 
ft (m) 
Geographic 
coordinates code ID 
USA      
Scottsbluff, 
Nebraska 
Panhandle Research 
and Extension 
Center, 
Sugarbeet 
 
3930 
(1198) 
41° 52' 24.33'' N 
103°41' 01.45'' W 
Nebraska 
 
 
Mexico 
 
Chapingo, 
Texcoco 
 
 
 
Experimental Unit 
Tlapiaxco, 
UAChapingo 
Tomato 
 
 
 
 
7432 
(2265)  
 
 
19° 29' 31.79'' N 
98°52' 21.85'' W  
 
Chapingo1 
 
Chapingo, 
Texcoco 
 
Experimental Unit 
Agroecologia, 
UAChapingo 
Chard 
  
7418 
(2261) 
19° 29' 34.21'' N 
98°53' 12.29'' W 
Chapingo2  
 
 
 
Montecillo, 
Texcoco 
 
 
Colegio de 
Postgraduados, 
Montecillo, 
Texcoco 
Tomato 
 
  
7370 
(2246) 
 
19° 27' 38.90'' N 
98°54' 13.08'' W 
 
Montecillo 
 
 
Xalatlaco 
 
 
San Juan 
Tomasquillo, 
Xalatlaco 
Chard 
  
9449 
(2880) 
19° 10' 12.79'' N 
99° 23' 52.661'' W 
Xalatlaco  
 
Puebla 
 
 
Santa Cruz 
Manjarrez, Palmar 
de Bravo  
Dry bean 
var. 
Ochenteño 
7027 
(2142) 
18° 53' 25.60'' N 
97°39' 30.11'' W 
Puebla 
 
 
Zacatecas 
 
 
Guadalupe 
 
Dry bean 
 
7418 
(2261) 
22° 47' 06.78'' N 
102°29' 08.94'' W 
Zacatecas 
 
Argentina 
Los Hornos 
 
 
 
 
 
Facultad de 
Ciencias 
Agronomicas y 
Forestales, 
Universidad 
Nacional De la 
Plata, Buenos Aires 
Tomato 
 
 
 
 
 
 
49.1 (15) 34° 59' 08.82'' S 
57° 51' 50.40'' W 
 
 
 
 
Los Hornos 
 
 
 
 
Chacra 
Experimental 
de Gorina1 
 
 
Chacra 
Experimental de 
Gorina. MMA, La 
Plata. Buenos Aires 
 
Pepper 
 
 
 
 
68.9 (21) 34°54' 55.03'' S 
58° 02' 20.51'' W 
 
 
Chacra1 
 
 
 
Chacra 
Experimental 
de Gorina2 
 
Chacra 
Experimental de 
Gorina. MMA, La 
Plata. Buenos Aires 
Tomato 
 
 
 
68.9 (21) 
 
34°54' 55.36'' S 
58°02' 20.05'' W 
 
Chacra2 
 
 
 
Lisandro 
Olmos  
 
La Plata, Buenos 
Aires 
 
Tomato 
 
 
 
75.5 (23) 35°05' 41.25'' S 
58°01' 06.16'' W 
 
Lisandro Olmos 
 
 
Hudson 
 
 
Berazategui, 
Buenos Aires 
 
Tomato 
 
 
 
16.4 (5) 
 
34°48' 46.22'' S 
58°07' 01.66'' W 
 
Hudson 
 
 77 
 
 
Table 2. Origin, hosts and accession number/codes of ITS1, D2-D3 and COII/16S 
sequences of Nacobbus aberrans from USA, Mexico, and Argentina and outgroups used 
in this study.  
 
Marker/ 
Origin 
Crop Alignment 
Code 
Submitted by Accession Number/Code 
 
ITS1     
 
USA 
 
Sugar beet 
 
Nebraska 
 
 
This Study 
 
197_17072sugarbeetNE_USA 
199_17073sugarbeetNE_USA 
201_17074sugarbeetNE_USA 
203_17075sugarbeetNE_USA 
205_17076sugarbeetNE_USA 
 
Mexico 
 
Tomato 
 
M1 
 
Reid et al., 2003 
 
AY254366 
 Tomato M2 “ AY254367 
 Tomato M3 “ AY254368 
 Dry bean M4 “ AY254369 
 Tomato 
 
 
Chapingo1 
 
 
This study 37_16948tomatoch1_MEX 
38_16949tomatoch1_MEX 
39_16950tomatoch1_MEX 
 Chard 
 
 
Chapingo2 
 
  
This study 60_16954chardch2_MEX 
61_16955chardch2_MEX 
62_16956chardch2_MEX 
 Tomato 
 
 
Montecillo 
 
 
This study 70_16957tomatocp_MEX 
71_16958tomatocp_MEX 
72_16959tomatocp_MEX 
 Chard 
 
 
Xalatlaco  
 
 
This study 50_16951chardXal_MEX 
51_16952chardXal_MEX 
52_16953chardXal_MEX 
 Dry bean  
 
 
 
 
 
 
 
 
Puebla 
 
 
 
 
 
 
 
 
This study 506_17659drybeanPuebla_MEX 
508_17660drybeanPuebla_MEX 
510_17661drybeanPuebla_MEX 
512_17662drybeanPuebla_MEX 
514_17663drybeanPuebla_MEX 
516_17664drybeanPuebla_MEX 
518_17665drybeanPuebla_MEX 
520_17666drybeanPuebla_MEX 
522_17667drybeanPuebla_MEX 
524_17668drybeanPuebla_MEX 
 Dry bean 
 
 
 
Zacatecas 
 
 
 
This study 126_17087drybeanZac_MEX                         
128_17088drybeanZac_MEX                         
130_17089drybeanZac_MEX                          
132_17090drybeanZac_MEX 
 
Ecuador Tomato E2 Reid et al., 2003 AY254365 
 
Bolivia 
 
Potato 
 
B1 
 
Reid et al., 2003 
 
AY254361 
 Potato B2 “ AY254362 
 Potato B3 “ AY254363 
 Potato B4 “ AY254364 
 Potato N1 Anthoine & 
Mugniery 2005 
AY827831 
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 Potato N6 “ AY827836 
 Potato N1 Anthoine et al., 
2005 
DQ318673 
 Potato N1 “ DQ318609 
 Potato N1 “ DQ318611 
 Potato N1 “ DQ318610 
 Potato N6 “ DQ318657 
 Potato N6 “ DQ318653 
 Potato N6 “ DQ318655 
 
Peru 
 
Potato 
 
N2 
 
Anthoine & 
Mugniery, 2005 
 
AY827832 
 Potato N2 Anthoine et al., 
2005 
DQ318599 
 Potato N2 “ DQ318606 
 Potato N2 “ DQ318598 
 Potato N2 “ DQ318596 
 Tomato N4 “ DQ318630 
 Sugar beet N4 Anthoine & 
Mugniery 2005 
AY827834 
 
Argentina 
 
Tomato 
 
A1 
 
Reid et al., 2003 
 
AY254359 
 Tomato A2 “ AY254360 
 Tomato N5 Anthoine et al., 
2005 
DQ318716 
 Tomato N7 “ DQ318661 
 Tomato N7 “ DQ318659 
 Tomato N7 “ DQ318663 
 Tomato N7 “ DQ318664 
 Tomato A3 Vovlas et al., 
2007 
AM412744 
 Tomato A3 “ AM412745 
 Potato N3 Anthoine & 
Mugniery 2005 
AY827833 
 Sugar beet N5 “ AY827835 
 Tomato 
 
 
 
 
 
 
Los Hornos 
 
 
 
 
 
 
This study 536_17689tomatoHornos_ARG 
538_17690tomatoHornos_ARG 
540_17691tomatoHornos_ARG 
542_17692tomatoHornos_ARG 
544_17693tomatoHornos_ARG 
552_17697tomatoHornos_ARG 
554_17698tomatoHornos_ARG 
 Sweet pepper 
 
 
Chacra1 
 
 
This study 619_17844pepperChacra1ARG 
622_17845pepperChacra1ARG 
629_17846pepperChacra1ARG 
 Tomato 
 
 
Chacra2 
 
 
This study 623_17857tomatoChacra2ARG 
635_17858tomatoChacra2ARG 
649_17861tomatoChacra2ARG 
 Tomato 
 
 
Lisandro 
Olmos 
 
This study 651_17872tomatoLisOlmosARG 
655_17873tomatoLisOlmosARG 
663_17875tomatoLisOlmosARG 
 Tomato Hudson This study 678_17888tomatoHudsonARG 
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686_17890tomatoHudsonARG 
690_17891tomatoHudsonARG 
Outgroup     
 
 
 
 
 
Japan 
 
Saeki et al., 
2003 
 
P. coffeae_AB053485 
 
D2-D3  
 
 
 
USA 
 
 
Sugar beet 
 
 
Nebraska 
 
 
 
This Study 
 
 
 
198_17325sugarbeetNE_USA 
200_17326sugarbeetNE_USA 
202_17327sugarbeetNE_USA 
204_17328sugarbeetNE_USA 
206_17329sugarbeetNE_USA 
_ 
MEXICO Tomato 
 
 
Chapingo1 
 
 
This study 40_17309tomatoCh1_MEX 
41_17310tomatoCh1_MEX 
42_17311tomatoCh1_MEX 
 
 Chard 
 
 
 
Chapingo2 
 
 
 
This study 63_17315chardCh2_MEX 
64_17316chardCh2_MEX 
65_17317chardCh2_MEX 
 Tomato 
 
 
 
Montecillo 
 
 
 
This study 73_17318tomatocp_MEX 
74_17319tomatocp_MEX 
75_17320tomatocp_MEX 
 Chard 
 
 
Xalatlaco  
 
 
This study 93_17377chardXal_MEX 
94_17378chardXal_MEX 
95_17379chardXal_MEX 
 
 Dry bean  
 
 
 
 
 
 
 
 
 
Puebla 
 
 
 
 
 
 
 
 
 
This study 506_17669drybeanPuebla_MEX 
508_17670drybeanPuebla_MEX 
510_17671drybeanPuebla_MEX 
512_17672drybeanPuebla_MEX 
514_17673drybeanPuebla_MEX 
516_17674drybeanPuebla_MEX 
518_17675drybeanPuebla_MEX 
520_17676drybeanPuebla_MEX 
522_17677drybeanPuebla_MEX 
524_17678drybeanPuebla_MEX 
 Dry bean 
 
 
 
 
Zacatecas 
 
 
 
 
This study 398_17371drybeanZac_MEX 
400_17372drybeanZac_MEX 
406_17374drybeanZac_MEX 
412_17375drybeanZac_MEX 
 
 
ARGENTINA Tomato 
 
 
 
 
 
 
 
 
Los Hornos 
 
 
 
 
 
 
 
 
This study 536_17699tomatoHornos_ARG 
538_17700tomatoHornos_ARG 
540_17701tomatoHornos_ARG 
542_17702tomatoHornos_ARG 
544_17703tomatoHornos_ARG 
546_17704tomatoHornos_ARG 
548_17705tomatoHornos_ARG 
550_17706tomatoHornos_ARG 
552_17707tomatoHornos_ARG 
554_17708tomatoHornos_ARG 
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 Sweet pepper 
 
 
Chacra1 
 
 
This study 613_17847pepperChacra1_ARG 
616_17848pepperChacra1_ARG 
622_17850pepperChacra1_ARG 
 
 Tomato 
 
 
Chacra2 
 
 
This study 632_17862tomatoChacra2_ARG 
635_17863tomatoChacra2_ARG 
649_17866tomatoChacra2_ARG 
 
 Tomato 
 
 
Lisandro 
Olmos 
 
This study 655_17878tomatoLisOlmos_ARG 
660_17879tomatoLisOlmos_ARG 
668_17881tomatoLisOlmos_ARG 
 Tomato 
 
 
Hudson 
 
 
This study 671_17892tomatoHudson_ARG 
698_17895tomatoHudson_ARG 
700_17896tomatoHudson_ARG 
 
Outgroups     
 Tea  Japan Subbotin et al., 
2008 
P. coffeae_EU130851 
 
 Corn  North Bend, 
NE 
This study P. neglectus_17922 
 
COII/16S 
 
    
 
USA 
 
Sugar beet 
 
Nebraska1 
 
 
This Study 
 
197_sugarbeetNE_USA 
199_sugarbeetNE_USA 
201_sugarbeetNE_USA 
203_sugarbeetNE_USA 
205_sugarbeetNE_USA 
 
 Sugar beet 
 
 
Nebraska2 
 
 
This Study 183_012_sugarbeetNE_USA 
183_013_sugarbeetNE_USA 
 
MEXICO Tomato 
 
 
 
Chapingo1 
 
 
 
This study 37_tomatoch1_MEX 
38_tomatoch1_MEX 
39_tomatoch1_MEX 
 
 Chard 
 
 
 
Chapingo2 
 
 
 
This study 60_chardch2_MEX 
61_chardch2_MEX 
62_chardch2_MEX 
 Tomato 
 
 
 
Montecillo 
 
 
 
This study 70_tomatocp_MEX 
71_tomatocp_MEX 
72_tomatocp_MEX 
 Chard 
 
 
 
Xalatlaco  
 
 
 
This study 50_chardxalMEX 
51_chardxalMEX 
52_chardxalMEX 
 Dry bean  
 
 
 
 
Puebla 
 
 
 
 
This study 506_17679drybeanPuebla_MEX 
508_17680drybeanPuebla_MEX 
510_17681drybeanPuebla_MEX 
512_17682drybeanPuebla_MEX 
514_17683drybeanPuebla_MEX 
516_17684drybeanPuebla_MEX 
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518_17685drybeanPuebla_MEX 
520_17686drybeanPuebla_MEX 
520_17687drybeanPuebla_MEX 
522_17688drybeanPuebla_MEX 
 Dry bean 
 
 
 
Zacatecas 
 
 
 
This study 
 
 
 
126_drybeanzac_MEX 
128_drybeanzac_MEX 
130_drybeanzac_MEX 
132_drybeanzac_MEX 
Argentina Tomato 
 
 
 
 
 
 
 
 
Los Hornos 
 
 
 
 
 
 
 
 
This study 536_17709tomatoHornos_ARG 
538_17710tomatoHornos_ARG 
540_17711tomatoHornos_ARG 
542_17712tomatoHornos_ARG 
544_17713tomatoHornos_ARG 
546_17714tomatoHornos_ARG 
548_17715tomatoHornos_ARG 
550_17716tomatoHornos_ARG 
552_17717tomatoHornos_ARG 
554_17718tomatoHornos_ARG 
 
 Sweet pepper 
 
 
 
Chacra1 
 
 
 
This study 613_17852pepperChacra1_ARG 
616_17853pepperChacra1_ARG 
622_17855pepperChacra1_ARG 
 Tomato 
 
 
Chacra2 
 
 
This study 632_17867tomatoChacra2_ARG 
640_17869tomatoChacra2_ARG 
644_17870tomatoChacra2_ARG 
 Tomato 
 
 
Lisandro 
Olmos 
 
This study 696_17883tomatoLisOlmos_ARG 697_17884tomatoLisOlmos_ARG 
699_17886tomatoLisOlmos_ARG 
 
 Tomato 
 
 
Hudson 
 
 
This study 682_17899tomatoHudson_ARG 
686_17900tomatoHudson_ARG 
690_17901tomatoHudson_ARG 
 
Outgroups     
  Arizona, 
USA 
This study M.graminis_9569 
 
 Potato Oregon, 
USA 
This study M.chitwoodi_13742 
 
  Florida, 
USA 
This study M.?graminicola_ 12319 
 
  - This study M.?fallax_11985 
 
  Texas,USA This study M.haplanaria_11890. 
  New 
Mexico, 
USA 
 
This study 
 
M.partityla_11197 
 
  New York, 
USA 
This study M.hapla_12066 
 
  Rhode 
Island, USA 
This study M.hapla_12042 
 
  Brazil This study M.hapla_AY942850 
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Table 3. Descriptive Statistics of Morphometric measurements for Juveniles (J2) and 
Principal Component Analysis of Nacobbus aberrans from USA, Mexico and Argentina. 
Statistics include mean ± standard deviation and range. 
 
PCA 
group 
Isolate n BL BD SL DGO PL 
I HH 20 337.97 ± 10.88 
323.40-360.64 
15.53 ± 0.66 
13.72-16.66 
11.66 ± 0.30 
10.78-11.76 
2.89 ± 0.15 
2.45-2.94 
105.40 ± 6.53 
93.10-117.60 
I RR 20 339.47 ± 13.81 
306.74-367.50 
14.94 ± 0.54 
13.72-15.68 
11.76 ± 0 
11.76-11.76 
2.94 ± 0 
2.94-2.94 
106.57 ± 5.92 
98.0-117.6 
I AA 20 333.39 ± 12.04 
307.72-358.68 
15.29 ± 0.67 
14.70-16.66 
11.76 ± 0 
11.76-11.76 
2.94 ± 0 
2.94-2.94 
108.29 ± 2.71 
102.9-112.70 
I LL 20 335.75 ± 14.89 
289.10-357.70 
15.39 ± 0.46 
14.70-15.68 
11.74 ± 0.02 
11.72-11.76 
2.89 ± 0.22 
1.96-2.94 
107.8 ± 2.75 
98.00-112.70 
I BB 20 352.55 ± 12.01 
333.20-371.42 
15.53 ± 0.57 
14.70-16.66 
11.76 ± 0 
11.76-11.76 
2.94 ± 0 
2.94-2.94 
107.06 ± 4.29 
93.1-112.7 
I UU 20 326.34 ± 12.47 
297.92-343.00 
15.48 ± 0.40 
14.70-15.68 
11.66 ± 0.26 
10.78-11.76 
3.26 ± 0.46 
2.94-3.92 
107.21 ± 6.14 
98.0-117.6 
I CC 25 340.16 ± 20.56 
289.5-392.0 
15.50 ± 0.67 
14.70-16.66 
12.17 ± 0.78 
9.80-13.72 
2.86 ± 0.18 
2.45-2.94 
108.22 ± 10.24 
87.0-132.3 
I GG 22 334.01 ± 21.09 
298.90-377.30 
15.72 ± 0.77 
14.70-17.64 
11.94 ± 0.49 
10.78-12.74 
2.97 ± 0.34 
2.45-3.92 
106.33 ± 5.34 
96.04-117.60 
I PP 10 342.51 ± 12.98 
317.52-359.66 
15.97 ± 0.57 
14.70-16.66 
12.15 ± 0.31 
11.76-12.74 
2.89 ± 0.15 
2.45-2.94 
106.33 ± 5.33 
98.0-112.7 
I XX 20 355.06 ± 14.75 
315.56-378.28 
15.89 ± 0.72 
14.70-17.64 
12.35 ± 0.65 
11.76-13.23 
2.68 ± 0.52 
1.96-3.43 
106.33 ± 3.67 
99.96-112.70 
II ZZ 41 327.19 ± 15.65 
297.92-362.60 
15.77 ± 0.65 
14.70-16.66 
12.62 ± 0.32 
11.76-12.74 
2.81 ± 0.24 
1.96-2.94 
105.33 ± 5.60 
88.2-117.6 
III NN 26 357.13 ± 28.48 
274.36-410.60 
16.82 ± 0.89 
14.70-18.02 
12.02 ± 0.32 
11.76-12.74 
2.76 ± 0.25 
2.25-2.94 
112.30 ± 4.62 
107.80-122.50 
….. 
 
PCA 
group 
Isolate n DAEGT TL ABD a b 
I HH 20 139.85 ± 9.01 
117.6-151.9 
25.92 ± 2.92 
20.58-32.34 
9.95 ± 0.48 
8.82-10.78 
21.80 ± 1.22 
19.82-25.14 
3.22 ± 0.19 
2.93-3.56 
I RR 20 144.50 ± 7.43 
127.4-156.8 
26.86 ± 1.58 
24.50-29.50 
9.8 ± 0.32 
8.82-10.78 
22.74 ± 1.30 
19.51-25.00 
3.19 ± 0.19 
2.83-3.52 
I AA 20 142.88 ± 4.70 
132.3-148.96 
24.99 ± 1.08 
22.54-27.44 
9.8 ± 0 
9.80-9.80 
21.83 ± 1.05 
20.29-24.40 
3.08 ± 0.10 
2.85-3.19 
I LL 20 145.09 ± 15.52 
117.6-198.96 
24.30 ± 0.98 
20.58-25.48 
9.75 ± 0.22 
8.82-9.80 
21.84 ± 1.29 
18.43-23.86 
3.11 ± 0.09 
2.95-3.29 
I BB 20 146.95 ± 7.88 
132.3-161.7 
24.60 ± 0.70 
23.52-26.46 
9.75 ± 0.22 
8.82-9.80 
22.72 ± 0.98 
21.18-24.46 
3.29 ± 1.12 
3.09-3.59 
I UU 20 147.93 ± 8.66 
136.2-166.6 
23.45 ± 1.33 
20.58-27.44 
9.90 ± 0.52 
8.82-10.78 
21.09 ± 1.10 
19.00-23.20 
3.05 ± 0.14 
2.76-3.27 
I CC 25 142.76 ± 17.59 
110.0-174.4 
24.29 ± 1.09 
22.54-25.79 
10.02 ± 0.44 
9.80-11.76 
21.96 ± 1.41 
18.75-25.0 
3.16 ± 0.33 
2.48-3.96 
I GG 22 148.20 ± 8.33 
130.34-161.7 
24.74 ± 1.68 
19.60-27.44 
10.15 ± 0.54 
9.80-11.76 
21.34 ± 2.03 
18.05-25.66 
3.14 ± 0.17 
2.92-3.52 
I PP 10 146.12 ± 4.61 
139.16-156.8 
23.13 ± 1.15 
21.56-24.50 
9.80 ± 0 
9.80-9.80 
21.45 ± 0.91 
19.53-22.62 
3.22 ± 0.12 
3.05-3.49 
I XX 20 146.66 ± 6.42 
137.2-156.8 
24.16 ± 1.15 
21.56-26.46 
9.80 ± 0 
9.80-9.80 
22.33 ± 1.32 
20.10-24.40 
3.34 ± 0.11 
3.16-3.52 
II ZZ 41 138.51 ± 8.45 
122.5-158.76 
21.93 ± 1.34 
16.66-25.48 
9.73 ± 0.26 
8.82-9.80 
20.77 ± 1.14 
18.35-23.12 
3.11 ± 0.14 
2.90-3.52 
III NN 26 154.23 ± 8.57 
142.1-166.6 
27.68 ± 1.54 
25.46-32.32 
9.8 ± 0 
9.80-9.80 
21.47 ± 1.15 
19.38-23.66 
3.21 ± 0.18 
2.96-3.65 
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PCA 
group 
Isolate n b’ c c’ 
I HH 20 2.42 ± 0.15 
2.23-2.82 
12.69 ± 2.61 
3.56-16.19 
2.60 ± 0.22 
2.10-3.00 
I RR 20 2.37 ± 0.15 
2.19-2.89 
12.67 ± 0.73 
11.33-13.84 
2.74 ± 0.14 
2.50-3.01 
I AA 20 2.33 ± 0.10 
2.16-2.52 
13.30 ± 0.54 
12.04-14.04 
2.55 ± 0.11 
2.30-2.80 
I LL 20 2.36 ± 0.09 
2.21-2.52 
13.82 ± 0.54 
12.61-14.75 
2.49 ± 0.11 
2.10-2.66 
I BB 20 2.40 ± 0.09 
2.21-2.57 
14.34 ± 0.47 
13.64-15.21 
2.52 ± 0.09 
2.40-2.77 
I UU 20 2.21 ± 0.08 
2.00-2.30 
13.96 ± 0.88 
11.43-15.71 
2.37 ± 0.18 
2.10-2.80 
I CC 25 2.41 ± 0.32 
1.90-3.14 
14.03 ± 1.07 
11.54-15.64 
2.42 ± 0.14 
2.08-2.60 
I GG 22 2.26 ± 0.14 
1.85-2.47 
13.56 ± 1.08 
12.03-16.80 
2.44 ± 0.24 
1.80-2.80 
I PP 10 2.34 ± 0.12 
2.16-2.53 
14.85 ± 1.00 
12.96-16.68 
2.36 ± 0.12 
2.20-2.50 
I XX 20 2.42 ± 0.11 
2.27-2.66 
14.72 ± 0.90 
13.42-16.86 
2.46 ± 0.12 
2.20-2.70 
II ZZ 41 2.37 ± 0.13 
2.09-2.66 
14.97 ± 1.07 
13.24-18.65 
2.25 ± 0.15 
1.70-2.60 
III NN 26 2.35 ± 0.20 
2.05-2.71 
13.05 ± 0.65 
12.04-14.70 
2.82 ± 0.16 
2.59-3.30 
 
 
n = number of specimens;  BL = Body Length; BD = Body Diameter; SL = Stylet Length; DGO = Distance from 
Stylet Base to Dorsal Pharyngeal-intestine Junction; PL = Pharynx Length; DAEGT = Distance from the Anterior 
End-Gland Tip; TL = Tail Length; ABD = Anal body diameter; derived variables (De Man’s ratio) =  a, b, b’, c and c’. 
* all measurements are given in µm. 
 
 
 
HH: Los Hornos, Buenos Aires, Argentina (Tomato) 
RR: Chacra1 Experimental de Gorina, Buenos Aires, Argentina (Pepper) 
AA: Chacra2 Experimental de Gorina, Buenos Aires, Argentina (Tomato) 
LL: Lisandro Olmos, Buenos Aires, Argentina (Tomato) 
BB: Hudson Berazategui, Buenos Aires, Argentina (Tomato) 
UU: Puebla, Mexico (Bean) 
CC: Chapingo1, Mexico (Tomato) 
GG: Chapingo2, Mexico (Chard) 
PP: Colegio de Postgraduados, Montecillo, Mexico (Tomato) 
XX: Xalatlaco, Mexico (Chard) 
ZZ: Zacatecas, Mexico (Bean) 
NN: Scottsbluff, Nebraska, USA (Sugar beet) 
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Table 4. Eigenvalues of the Covariance Matrix generated using PRINCOMP  
Procedure for Nacobbus aberrans from Mexico, USA, and Argentina. 
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
* Principal Component. 
	  
	  
	  
	  
Table 5. Eigenvectors of PRINCOMP procedure for N.aberrans from Mexico, USA, and 
Argentina. 
	  
Characters: 
BL: Body Length 
BD: Body Diameter 
SL: Stylet Length  
DGO: Dorsal Glandular Opening 
PL: Pharynx Length 
DAEGT: Distance from Anterior End to Gland Tip 
TL: Tail Length 
ABD: Anal Body Diameter 
 
 
	  
	  
	  
	  
	  
	  
 
*PC # Eigenvalue Difference % Variance Cumulative 
1 0.01121221 0.00032905 31.12 31.12 
2 0.01088315 0.00543002 30.21 61.34 
3 0.00545314 0.00258007 15.14 76.47 
4 0.00287307 0.00081703 7.98 84.45 
5 0.00205603 0.00075288 5.71 90.16 
6 0.00130316 0.00007592 3.62 93.77 
7 0.00122723 0.00021164 3.41 97.18 
8 0.00101559  2.82 100.0 
Character Prin1 Prin2 Prin3 Prin4 Prin5 Prin6 Prin7 
BL 0.358272 0.043804 0.143878 0.545056 -.547228 -.380680 -.283903 
BD 0.100201 -.063754 0.011811 0.641759 0.728543 -.075377 -.055161 
SL -.089601 -.064011 0.128559 0.408244 -.245136 0.328871 0.795415 
DGO -.211685 0.968620 -.055194 0.112928 0.007900 -.003128 0.011187 
PL 0.303345 0.101417 0.429653 0.013326 0.049141 0.745522 -.342003 
DAEGT 0.485066 0.165681 0.571507 -.324551 0.182818 -.359746 0.356751 
TL 0.693693 0.117705 -.661417 -.064914 -.007288 0.178070 0.158156 
ABD 0.015593 0.028486 -.104363 -.043792 0.271518 -.155903 0.119563 
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Table 6. Stepwise Discriminant Analysis of morphometric values of juveniles (J2) 
of Nacobbus aberrans from USA, Mexico, and Argentina. 
	  
Step 
number 
Variable  
entered 
Variable  
removed 
Partial 
r2 
F 
statistics 
Probability 
> F 
1 TL  0.5716 30.56 <.0001 
2 SL  0.3609 12.88 <.0001 
3 BD  0.3015 9.81 <.0001 
4 DGO  0.1937 5.44 <.0001 
5 BL  0.1711 4.65 <.0001 
6 DAGT  0.1373 3.57 0.0001 
7 ABD  0.1304 3.35 0.0002 
8 PL  0.1015 2.52 0.0051 
  none    
TL = Tail Length; SL = Stylet Length; BD = Body Diameter; DGO = Distance from Stylet Base  
to Dorsal Pharyngeal-intestine Junction; BL = Body Length; DAEGT = Distance from the  
Anterior End-Gland Tip; ABD = Anal body diameter; PL = Pharynx Length. 
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Table 7. Canonical Discriminant Analysis of morphometric values of juveniles (J2) of 
Nacobbus aberrans from USA, Mexico, and Argentina.   
 
Canonical 
Variable 
 
Canonical 
Correlation 
Adjusted 
Canonical 
Correlation 
Approximate 
Standard 
Error 
Squared 
Canonical 
Correlation 
 
 
Eigenvalue 
 
 
Difference 
 
 
Proportion 
 
 
Cumulative 
Can1 0.804007 0.787664 0.021802 0.646427 1.8283 0.8802 0.5074 0.5074 
Can2 0.697621 0.677042 0.031653 0.486675 0.9481 0.6213 0.2631 0.7706 
Can3 0.496262 0.440032 0.046477 0.246276 0.3267 0.0839 0.0907 0.8612 
Can4 0.442067 0.413774 0.049612 0.195424 0.2429 0.0968 0.0674 0.9287 
Can5 0.356983 0.328979 0.053805 0.127437 0.1460 0.0828 0.0405 0.9692 
Can6 0.243971 0.195491 0.057992 0.059522 0.0633 0.0329 0.0176 0.9868 
Can7 0.171834 . 0.059842 0.029527 0.0304 0.0131 0.0084 0.9952 
Can8 0.130413 . 0.060614 0.017007 0.0173  0.0048 1.0000 
 
 
 
 
Table 8.  
Pooled Within Canonical Structure of morphometric values of juveniles (J2) of Nacobbus 
aberrans from USA, Mexico, and Argentina. 
Variable* Can1 Can2 Can3 Can4 Can5 
BL 0.184496 0.441026 -0.202280 -0.613677 -0.034865 
BD -0.068522 0.629134 0.478459 0.043363 -0.073711 
SL -0.542519 0.341384 -0.292404 0.266508 0.132110 
DGO 0.113036 -0.381864 0.460696 0.046085 -0.012367 
PL 0.126864 0.208889 0.168462 0.134033 -0.178111 
DAEGT 0.178610 0.247644 0.436292 -0.241087 0.049722 
TL 0.779413 0.452304 -0.163368 0.194016 0.239915 
ABD 0.064425 -0.060636 0.154725 0.047194 0.921119 
* BL = Body Length; BD = Body Diameter; SL = Stylet Length; DGO = Distance from Stylet Base to Dorsal 
Pharyngeal-intestine Opening; PL = Pharynx Length; DAEGT = Distance from Anterior End-Gland Tip; TL = Tail 
Length; ABD = Anal Body Diameter. 
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Table 9. Pooled Within-Class (Populations) Standardized Canonical Coefficients of 
morphometric values of Juveniles (J2) of Nacobbus aberrans from USA, Mexico, and 
Argentina. 
Variable* Can1 Can2 Can3 Can4 Can5 
BL 0.06827558 0.15569730 -.40041915 -.98379399 0.03180075 
BD -.15661506 0.64890286 0.60437480 0.06945789 -.17171351 
SL -.62157510 0.41024485 -.19672273 0.38844336 0.25212263 
DGO 0.21318435 -.44526778 0.49749112 0.04238726 -.07466286 
PL 0.12177268 -.06033499 -.16564492 0.73916832 -.27234099 
DAEGT -.14678388 0.29198985 0.75351897 -.40582091 0.24611492 
TL 0.81141553 0.32303249 -.21104040 0.47977889 0.07302001 
ABD -.09780956 -.11856129 0.05036460 -.04695106 0.95097067 
* BL = Body Length; BD = Body Diameter; SL = Stylet Length; DGO = Distance from Stylet Base to Dorsal 
Pharyngeal-intestine Opening; PL = Pharynx Length; DAEGT = Distance from Anterior End-Gland Tip; TL = Tail 
Length; ABD = Anal Body Diameter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 90 
 
 
 
Table 10. Infection of N. aberrans from USA, Mexico, and Argentina in Tomato var. 
Rutgers. 
Location Host Tomato var 
Rutgers 
No. 
galls* 
Severity 
index** 
 
USA  
    Scottsbuff, NE  
 
 
Sugarbeet 
 
 
Yes 
 
 
4-9 
 
 
1 
 
Mexico 
    
    Guadalupe, Zacatecas 
 
 
 
Dry bean 
 
 
 
Yes 
 
 
 
12-18 
 
 
 
2 
     
    Exp. Unit Tlapiaxco 
    Chapingo1 
 
Tomato 
 
Yes 
 
87-152 
 
4 
     
    Exp. Unit. Agroecogia, 
Chapingo2 
 
Chard 
 
Yes 
 
79-105 
 
4 
     
    CP, Montecillo 
 
Tomato 
 
Yes 
 
77-186 
 
4 
     
    Xalatlaco 
 
Chard 
 
Yes 
 
83-142 
 
4 
     
    Puebla 
 
Dry bean 
 
Yes 
 
98-259 
 
4 
 
Argentina 
    Los Hornos 
 
 
Tomato 
 
 
Yes 
 
 
206-436 
 
 
4 
     
    Chacra1 
 
Pepper 
 
Yes 
 
198-340 
 
4 
     
    Chacra2 
 
Tomato 
 
Yes 
 
352-416 
 
4 
     
    Lisandro Olmos 
 
Tomato 
 
Yes 
 
365-503 
 
4 
     
    Hudson 
 
Tomato 
 
Yes 
 
342-436 
 
4 
*Each population was transplanted in four tomato plants. 
** Severity scale according to Castiblanco et al., 1999. 
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Table 11. Percentage of molecular variation explained by Molecular Analysis of 
Variance (AMOVA) of Nacobbus aberrans isolates from USA, Mexico, and Argentina 
based on nuclear genome (ITS1 and D2-D3 expansion segment of 28S gene) and 
mitochondrial genome (Portion COII/16S). 
 
 
*Significance test after random 1023 permutations with P < *Significance test after 
random 1023 permutations with P < 0.0001 based on Tamura & Nei distance method. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Molecular marker/ 
Source of Variation 
d. f. Sum of 
squares 
Variance 
Components 
% Variation Φ-statistics* 
 
ITS1 
Among groups 5 1323.353 19.03832 76.09 ΦCT:0.76093 
Among populations 
within groups 
 
10 
 
119.296 
 
1.81623 
 
7.26 
 
ΦSC:0.30364 
Within groups 70 291.564 4.16520 16.62 ΦST:0.83352 
 
D2-D3 
Among groups 3 686.495 20.00257 91.60 ΦCT:0.91605 
Among populations 
within groups 
 
8 
 
17.821 
 
0.13353 
 
0.61 
 
ΦSC:0.07284 
Within groups 41 69.683 1.69959 7.78 ΦST:0.92216 
 
COII/16S 
     
Among groups 3 3306.582 41.45052 83.93 ΦCT:0.83928 
Among populations 
within groups 
 
8 
 
46.335 
 
-0.49549 
 
-1.00 
 
ΦSC:-0.06242 
Within groups 97 818.000 8.43299 17.07 ΦST:0.82925 
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Table 12. Genetic variability observed within the main genetic lineage of isolates of 
Nacobbus aberrans obtained on different hosts from USA, Mexico, and Argentina.  
 
*Mean of intraspecific genetic distance. 
 
 
 
 
Mol. Marker / 
Population 
 
Host 
 
Sample 
size 
 
No. 
haplotypes 
 
Haplotype 
Diversity  
(h) ± SD 
Nucleotide 
Diversity  
(p) ± SD 
Genetic 
Divergence 
(%) * 
 
ITS1 
Nebraska, USA 
(Clade I) Sugar beet 5 5 
 
1.000 ± 0.126 0.0191 ± 0.0034 
 
1.90 
Central Region of 
Mexico (Clade II) 
Tomato, Chard, 
Dry bean 
30 
 
20 
 
 
0.940 ± 0.001 
 
0.0147 ± 0.0025 
 
 
1.40 
Zacatecas, Mex. 
(Clade III) Dry bean 4 4 
 
1.000 ± 0.177 
 
0.0185 ± 0.0044 1.90 
Clade IV  Potato, Tomato 15 10 
 
0.914 ± 0.056 
 
0.0084 ±0.0018 
 
0.80 
 
Clade V  
 
Tomato, Sweet 
pepper, Potato, 
Sugar beet 
24 
 
 
13 
 
 
 
0.928 ± 0.031 
 
0.0154 ± 0.0021 
 
1.50 
Clade VI  Potato 8 8 1.000 ± 0.063 0.0133 ± 0.0017 1.00 
 
D2-D3 
Nebraska, USA 
(Clade I) Sugar beet 5 4 0.900 ± 0.161  
 
0.0033 ± 0.0009 
 
0.40 
Central Region of 
Mexico (Clade II) 
Tomato,  
Chard, Dry 
bean 
22 
 
6 
 
0.667 ± 0.092 
 
 
0.0018 ± 0.0004 
 
0.30 
Zacatecas, Mexico 
(Clade III) 
Dry bean 
 
4 
 
4 
 
1.000 ± 0.177 0.0072 ± 0.0017 0.60 
Lowlands, 
Argentina  
(Clade IV) 
Sweet pepper, 
Tomato 
22 
 
14 
 
 
0.939 ± 0.033 
 
0.0054 ± 0.0011 
 
0.70 
 
COII/16S 
Nebraska, USA 
(Clade I) 
Sugar beet 
 
18 
 
18 
 
1.000 ± 0.019 0.0715 ± 0.0084 6.90 
Central Region of 
Mexico  
(Clade II) 
Tomato,  
Chard, Dry 
bean 
34 
 
14 
 
 
0.660 ± 0.094 
 
0.0054 ± 0.0013 
 
0.40 
Zacatecas, Mexico 
(Clade III) Dry bean 35 29 
 
0.978 ± 0.016 
 
0.0207 ± 0.0038 
 
1.60 
Lowlands, 
Argentina (Clade 
IV) 
Sweet pepper, 
Tomato 
22 
 
15 
 
 
0.922 ± 0.046 
 
0.0163 ± 0.0037 
 
1.20 
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Table 13. Mean of interspecific genetic distance detected in different phylogenetic clades 
of N. aberrans obtained through Bayesian Inference (ITS1) and Maximum Likelihood 
(D2-D3 and COII/16S) using Kimura’s Two-Parameter Model.  
 
ITS1 
 1 2 3 4 5 6 
Clade I       
Clade II 5.70      
Clade III 10.10 9.50     
Clade IV 11.00 10.90 9.30    
Clade V 9.50 9.40 9.10 5.50   
Clade VI 9.60 9.50 9.90 5.10 3.40  
 
D2-D3 
 1 2 3 4 
Clade I     
Clade II 3.30    
Clade III 8.00 6.40   
Clade IV 6.80 5.30 5.10  
     
COII/16S 
 1 2 3 4 
Clade I     
Clade II 15.50    
Clade III 25.00 22.50   
Clade IV 23.60 20.50 14.40  
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CHAPTER III 
 
SPECIES DIAGNOSIS AND IDENTIFICATION OF Nacobbus aberrans 
(THORNE, 1935) THORNE & ALLEN, 1944 BY DNA CHARACTER-BASED 
BARCODE ANALYSIS 
 
1. INTRODUCTION 
DNA barcoding is a recognized diagnostic approach that involves the application 
of standardized molecular markers and the use of bioinformatics tools for species 
identification. It is characterized by a rapid, accurate, and consistent methodology for 
species identification applicable to any life stage, gender, or fragment of the organism 
(Hebert et al., 2003a; Savolainen et al., 2005; Borisenko et al., 2009; Casiraghi et al., 
2010a, b; Sbordoni, 2010). In a strict interpretation, that of the Consortium for the 
Barcode of Life, DNA barcoding applies a common genetic marker for the identification 
of species to all groups of animals and fungi (Hebert et al., 2003a; Waugh, 2007; 
Casiraghi et al., 2010a). Most practitioners of barcoding emphasize that the approach is 
most appropriately applied to the identification or diagnosis of already established 
nominal species (Rach et al., 2008; Damm et al., 2010; Naro-Maciel et al., 2010). As 
such, DNA barcoding can be considered an important component of modern taxonomy, 
incorporating diagnostic characters together with characters obtained from classical 
taxonomy (morphology), physiology, ecology, and geography, in an integrated 
taxonomic analysis (DeSalle et al., 2005). Beyond the issue of species diagnosis, 
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barcoding has also been implemented in the initial stages of species discovery by the 
recognition of genetic divergence from nominal species. This more novel application of 
DNA barcoding can help to provide evidence that uncharacterized or cryptic species exist 
which can then be followed by a more detailed taxonomic analysis (Hebert et al., 2003a; 
Sites and Marshall, 2003; DeSalle, 2006).  
The mitochondrial genome has been the preferred target for DNA barcode 
analysis due to the lack of introns, limited recombination, uniparental inheritance and its 
relative high rate of evolution (Saccone et al., 1999; Waugh, 2007). The mitochondrial 
gene cytochrome c oxidase subunit 1 (COI) has become the marker of choice for most 
barcoding studies. In 2003, COI was proposed as a “universally” suitable gene to 
diagnose species across the animal kingdom (Hebert et al., 2003a, b). This barcoding 
process has been formalized by the Consortium for the Barcode of Life and the Barcode 
of Life Data System (BOLD) (Hebert et al., 2003a; Savolainen et al., 2005; Rach et al., 
2008; DeSalle et al., 2005; Vences et al., 2005; Ratnasingham and Hebert, 2007; Derycke 
et al., 2010). However, not all organisms are readily adapted for the formalized barcoding 
process. COI has been slow to be developed as a tool for nematode identification. The 
limited amplification is most likely due to the high rate of mitochondrial genome 
differentiation that diminishes the possibility of developing universal DNA primer 
binding sites (Thomas and Wilson, 1991; Powers, 2004). Other complicating factors 
observed in nematodes include unique structural elements such as multipartite genomes 
and unusual processes for animal mitochondrial genomes such as recombination, gene 
duplication, insertion editing and unusual genomic structures (Lunt and Hyman, 1997; 
Vanfleteren and Vierstraete, 1999; Amstrong et al., 2000). Researchers working with 
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some fungi, plants, Anthozoa and sponges (Polifera) have also encountered difficulties 
with COI (Seifert et al., 2007; Huang et al., 2008; Hollingsworth et al., 2009;Derycke et 
al., 2010).  When standard primers for COI have presented difficulties for barcoding, 
other mitochondrial genes or gene regions have been used such as smaller sections of 
COI or other genes like cytochrome B, 16S rDNA, and NADH1 (Vences et al., 2005; 
Picard et al., 2007; Plantard et al., 2008; Rach et al., 2008; Damm et al., 2010). Nuclear 
genes also have been used extensively for barcoding nematodes including nuclear 
ribosomal regions such as SSU, LSU, and Internal Transcribed Spacer regions (Floyd et 
al., 2002; Blaxter, 2003, 2004; Blaxter and Floyd, 2003; Blaxter et al., 2005; Powers, 
2004; Savolainen et al., 2005; Bhaduri et al., 2006; Rach et al., 2008; Carishagi et al., 
2010; Derycke et al., 2010; Rodrigues Da Silva et al., 2010). 
One recent addition to the barcoding process involves the manner in which the 
barcode is read. Traditionally, species identification by DNA barcodes uses nucleotide 
sequence from a target specimen to compare to a reference database in a Blast analysis 
(Altschul et al., 1997). The overall similarity between the target specimen and reference 
sequences is calculated and the reference sequence with the greatest similarity, or the 
lowest genetic distance to the target sequence is presented as the closest match.  Unless 
that match is 100% identical across the entire sequence, ambiguity enters into the 
comparisons when several different sequences of equivalent genetic distance constitute 
the closest match. Furthermore, the closest match is a function of database content, which 
allows false positives when the database is sparsely populated by related sequences 
(Koski and Golding, 2001; DeSalle et al., 2005).  Placement of the target sequence on an 
evolutionary tree is another common diagnostic approach. Trees can be constructed by 
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distance methods like neighbor joining, or phylogenetic methods like maximum 
likelihood.  With a distance approach, tree building as a diagnostic tool is subjected to the 
same concerns as the initial Blast analysis (DeSalle et al., 2005). Phylogenetic trees may 
be misleading if there is a lack of congruence between gene trees and species trees 
(Doyle, 1992; Brower et al., 1996; Edwards, 2009). Also the suitability of a phylogenetic 
approach for non-hierarchical datasets (those below the species level), has been 
questioned on theoretical grounds (DeSalle et al., 2005; DeSalle, 2006; Rach et al., 
2008).  
Character-based analysis of nucleotide sequences is an alternative approach to 
species diagnosis using DNA barcodes. Using DNA barcodes, the character-based 
analysis of nucleotide sequences method identifies unique, discrete fixed characters or 
combination of characters that are diagnostic for a given species (DeSalle et al., 2005; 
DeSalle, 2006; Rach et al., 2008; Sarkar et al., 2008). This method does not rely on the 
calculation of genetic distance nor does it necessarily require the construction of a 
phylogenetic tree. It uses a nucleotide sequence alignment from which “diagnostic 
character states” or “character attributes” are identified in a priori established species 
(Rach et al., 2008). Recently character-based assessment has been applied for the 
identification of a wide range of nominal species including marine turtles, sharks, tuna 
fishes, dragonflies, gymnosperms, cycads and mollusks (DeSalle, et al., 2005; Kelly et 
al., 2007; Rach et al., 2008; Lowenstein et al., 2009; Wong et al., 2009; Damm et al., 
2010; Naro-Maciel et al., 2010; Nicolalde-Morejón et al., 2010; Nicolalde-Morejón et 
al., 2011).  
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The Characteristic Attributes Organization System (CAOS) is a software program 
developed to facilitate character-based analysis of DNA barcodes from trees or groups of 
categorical information. It is an automated method and has been developed to identify 
“Character Attributes” (CAs) or diagnostic character states for every clade at each node 
of a phylogenetic inference (guide tree) (Sarkar et al., 2008; Rach et al., 2008). The 
concept is based on the assumption that a particular group of organisms share some 
genetic attributes (nucleotide polymorphisms) that are not present in other closely related 
groups (Sarkar et al., 2002; DeSalle, et al., 2005; Rach et al., 2008; Bergmann et al., 
2009). 
In a previous report, it was applied a phylogenetic analysis to the nucleotide 
sequence datasets generated from each of the three barcodes. It was found that the 
phylogentic trees generated by the three-marker sequence datasets were of remarkably 
similar topology. All produced trees with four major distinct clades of Nacobbus 
aberrans which could be considered and treated as separate species. In this study, we 
evaluate the performance of the character-based barcode method in the identification of 
those major clades.  
  Nacobbus aberrans is a plant parasitic nematode that can cause devastating yield 
losses on crops of economic importance such as tomato, chili pepper, dry-bean, potato, 
tomato and sugar beet (Franco, 1994; Inserra, 1983; Manzanilla-Lopez et al., 2002; 
Harveson et al., 2003; Cristobal-Alejo et al., 2006). Crop protection agencies concerned 
about the seriousness of Nacobbus species infestations have categorized the nematode as 
a quarantinable regulated pest (Anonymous, 2009; Millar et al., 2009). This 
categorization requires the creation of phytosanitary regulations to avoid the 
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dissemination of the pest into new geographic regions (Manzanilla-Lopez et al., 2002; 
Elizalde-Jimenez, 2009; Millar et al., 2009; Manzanilla-Lopez, 2010). In this context, it 
is extremely important to have explicit methods for identification of the quarantinable 
nematodes to monitor the efficacy of those regulations, and ensure that regulatory 
decisions are founded on an accurate scientific understanding of the species (Manzanilla-
Lopez, 2010). 
In this report, three genetic markers are evaluated as diagnostic barcodes and 
demonstrate how character-based barcode analysis can provide discrete and unambiguous 
characters for species identification. 
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2. MATERIALS AND METHODS 
 
2.1. NEMATODE SOURCE 
Live cultures of N. aberrans isolates from western Nebraska, USA, central and 
northern regions of Mexico, and the coastal lowlands of eastern Argentina were collected 
from different hosts and established in Tomato cv Rutgers in the greenhouse under 
quarantine conditions (Lax et al., 2007). The origin of the isolates, specimen codes, and 
hosts are presented in Table 1. 
 
2.2. DNA AMPLIFICATION AND SEQUENCING 
After morphometric analysis, each individual nematode was recovered and 
smashed. PCR amplification and DNA sequencing of two nuclear genetic markers (ITS1, 
D2-D3) and one mitochondrial DNA (COII/16S) was performed as described in Chapter 
II of this study.  
 
2.3. SEQUENCE ASSEMBLY AND PHYLOGENETIC ANALYSIS 
All sequences were assembled, the quality of chromatograms checked for double 
peaks, and edited using CodonCode Aligner software version 3.6.1 (CodonCode 
Corporation, Dedham, Massachusetts) and aligned with MUSCLE software (MUltiple 
Sequence Comparison by Log-Expectation) with default parameters (Edgar, 2004). A set 
of 86 sequences (50 new and 36 sequences from GenBank) of ITS1, 53 of D2-D3, and 
109 sequences of COII/16S were used in a phylogenetic analysis (Table 1). All redundant 
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sequences were collapsed into single haplotypes based on sequence identity and 
frequency using DNAcollapser service on FaBox (Villesen, 2007; 
http://www.birc.au.dk/software/fabox). In order to retain entire unambiguously alignable 
sequences of each molecular marker, ITS1 sequences were shortened to an alignable core 
region. The alignment was subsequently used to construct a Maximum Likelihood (ML) 
phylogenetic tree of D2-D3 and COII/16S markers applying HKY85 substitution model 
and 100 bootstraps replications using PhyML 3.0 at phylogeny.fr (Dereeper et al., 2008). 
Bayesian inference (BI) was performed by MrBayes 3.1.1 for the ITS1 marker (Ronquist 
and Huelsenbeck, 2003). All parameters used to make the maximum likelihood and BI 
are described in Chapter II.  
 
2.4. CHARACTER-BASED BARCODE ANALYSIS/DIAGNOSIS OF N. aberrans 
The Characteristic Attributes Organization System (CAOS) algorithm was used to 
detect the diagnostic ‘characteristic attributes’ (CAs) from each clade obtained from the 
phylogenetic inference (Sarkar et al., 2008; Wong et al., 2009). CAOS uses the topology 
of the phylogentic trees as a “guide tree” from which it calculates diagnostic characters 
descending from each node (Rach et al., 2008; Sarkar et al., 2008). The numbering of the 
nucleotide positions begins after 3’ end of the primers and finishes at 5’ end. The FASTA 
file for the three genetic marker dataset is available in Dryad (DOI: to be defined).  
The CAOS algorithm identified two types of CAs: 1. Pure characters (Pu), 
nucleotides that are present in all members within a clade/population but absent in any 
other (Fig. 1 A). 2. Private characters (Pr), nucleotides that are present in some members 
of the clade but absent in others (Fig. 1 B, population 1). Both Pure and Private 
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characters can be either simple (confined to one nucleotide position, called sPu or sPr) or 
compound (confined to multiple nucleotide position, called cPu or cPr) (Sarkar et al., 
2008). Figure 1, reproduced from DeSalle et al. (2005) illustrates these features. 
The topology of phylogenetic trees obtained from each molecular marker (BI of 
ITS1, ML for D2-D3 and COII/16S) was incorporated and edited in McClade software. 
Determination of CAs positions from each major clade was performed using CAOS P-
Gnome and P-Elf programs from the Phylonomenclature 3.2 CAOS software package 
(Sarkar et al., 2008). The programs determine the CAs at all the nodes of the tree guide 
starting from the root node until the last node is found. Corroboration of CAs was 
accomplished by visual inspection using the ‘CAOS_attributesfile’ and 
‘CAOS_groupfile, compared with the original set of aligned sequences since CAOS 
algorithm considers position 1 of the aligned sequence as position 0 (zero). We used the 
most conservative approach by only considering simple pure characters (sPu) with 1.00 
level of confidence.  
The number of the mitochondrial COII/16S sequences analyzed from each 
Nacobbus isolate was increased with the intent of adding greater stringency to the 
diagnostic characters identified by CAOS algorithm. The total number of sequences of 
the Nebraskan isolate included 18 sequences. Isolates from Chapingo1, Chapingo2, 
Montecillo, and Xalatlaco included 6 sequences each. The isolate from Puebla used 10 
sequences and 35 for the isolate from Zacatecas (northern Mexican region). For the 
isolates from the lowlands of Argentina, the isolate from Los Hornos was represented by 
10 sequences, while the isolates from Chacra1, Chacra2, Hudson and Lisandro Olmos 
used 3 sequences each (Table 1). 
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3. RESULTS 
The phylogenetic relationship among all isolates of N. aberrans of all three 
markers is shown and detailed in Chaper II of this study. The phylogenetic tree of ITS1 
used as guide tree (Fig. 2) allowed CAOS algorithm to detect fixed group-specific 
character attributes diagnostics (CAs) for each of the six Nacobbus groups defined a 
priori. ITS1 sequences exhibited alignment difficulties for CAOS due to the large 
number of insertion/deletions (indels). When sequences were shortened to a core 
alignable region (391 bp) the barcode displayed a unique combination of fixed diagnostic 
characters of 49 CAs distributed from position 74 to 349 (Table 2). Discrete simple pure 
nucleotide diagnostics (sPu) were identified including several indels (Table 5 and 8). A 
total of 7 sPu CAs for Clade I represented by specimens from Scottsbluff, Nebraska. 20 
sPu CAs were recognized for Clade II that included specimens from isolates of Central 
Mexican region and some sequences from Argentina, Ecuador, and Mexico published in 
GenBank. Eighteen (11 nucleotide characters plus 7 indels) sPu CAs were displayed in 
Clade III for specimens from North Mexican region. Two (1 nucleotide plus 1 indel) sPu 
CAs were detected in Clade IV that included all isolates from the lowlands of Argentina 
plus some other sequences from GenBank. Six sPu CAs for Clade V that included 
sequences of GeneBank with origin in Argentina, Bolivia and Peru. Finally, 4 (3 
nucleotides plus 1 indel) sPu CAs were detected in sequences from Cochabamba, Bolivia 
identified as N. bolivianus.  
  The performance of the CAOS algorithm with the guide tree of D2-D3 sequences 
(Fig. 3) was clearer than ITS1 due mainly to inherently less ambiguous sequence 
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alignments because of the presence of a reduced number of indels, as well as the presence 
of a high number of redundant haplotypes. The guide tree that included the four separate 
clades revealed 47 nucleotide diagnostics that ranged from positions 96 to 555 (Table 3). 
Discrete sPu CAs were identified that ranged from 5 to 22 distributed among the four 
clades previously defined (Table 6 and 8). CAOS algorithm identified 16 sPu CAs for all 
specimens of Clade I from western Nebraska located from positions 104 to 555. Five sPu 
CAs distributed from positions 205 to 330 were detected in Clade II represented by all 
isolates geographically distributed in central region of Mexico. For sequences of 
specimens from the northern region of Mexico in Clade III, a total number of 22 sPu CAs 
were revealed while 11 sPu CAs were identified in sequences of Clade IV that 
corresponded to specimens of all isolates from eastern lowlands of Argentina.  
The CAOS algorithm worked well with the guide tree (Fig 4) from the 
mitochondrial marker COII/16S due to few indels displayed in the alignment. Sixty-eight 
discrete CAs were identified for the four clades defined a priori distributed within 
positions 25 to 478 (Table 4). A considerable number of sPu CAs were detected: 14 for 
Clade I located from 37 to 395 nucleotide positions, 20 CAs for Clades II (from positions 
38 to 469) and Clade III (from positions 105 to 478), and finally 23 for Clade IV 
distributed from positions 25 to 452 (Table 7 and 8). 
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4. DISCUSSION 
Accurate identification of organisms is essential in biological and ecological 
studies. There is a direct impact in areas of conservation biology and assessment of 
biodiversity (Damm et al., 2010). Within the context of plant diseases, a correct 
identification plays a determinant role in the efficacy of control methods and 
management strategies. An accurate diagnosis of quarantine organisms will allow the 
establishment of appropriate monitoring and detection measures necessary to prevent the 
introduction or spread of a pest species into new areas. 
DNA barcoding has become a powerful tool used to identify described species 
and to complement the process of new species discovery. Considerable empirical 
evidence suggests that barcoding as a formalized process, can reliably identify species. 
There are, however, contrary examples where the overlap between inter and intra specific 
divergence confounds identification (Rach et al., 2008; Naro-Maciel et al., 2010). 
Common cutoff values of genetic distance that express the division between different 
species has been similarly criticized (DeSalle et al., 2005; Hickerson et al., 2006). 
Furthermore there is loss of taxonomic information when DNA sequence differences are 
compressed into a single value to characterize the relationship between two species.  
Character-based barcode analysis has been developed as a practical alternative to distance 
based methods and its use in barcode analysis. This method also has the advantage of 
creating a diagnostic based on fixed, discrete characters which reduce the ambiguity in 
species identifications.  
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 The use of character-based barcode analysis to identify diagnostic characters for 
the major clades of Nacobbus aberrans was relatively simple and straightforward. The 
considerable genetic divergence among the clades permitted the identification of multiple 
diagnostic characters for each of the three molecular markers analyzed. This analysis was 
conducted upon 248 nucleotide sequences of N. aberrans representing much of the 
known geographic range of the species, with the exception of the potato production 
region of the Andes. This region was only represented by a small set of ITS1 sequences 
from GenBank. Validation of the diagnostic characters for the D2-D3 region of 28S and 
the mitochondrial region COII/16S will require examination of specimens from the 
Andes. Once validated, these diagnostic characters can be incorporated into species 
descriptions together with existing morphological characters.  
 The European and Mediterranean Plant Protection Organization maintain a 
document specifying recommended approaches for the detection, identification and 
confirmation of Nacobbus aberrans sensu lato (Anonymous 2009). In addition to listing 
the morphological characteristics of the species, two molecular methods for identification 
are presented.  Both methods are based on amplification of ITS sequence.  The first 
method which was evaluated on two Peruvian, two Bolivian, and two Argentinean 
populations, produced a 295- bp product with each of the Nacobbus isolates, and failed to 
amplify a number of non-target species (Anthoine and Mugniéry, 2005). No further 
discrimination was reported. The second recommended approach, also based on 
amplification of ITS, was evaluated on four populations from Mexico and one from 
Ecuador, and three populations from Bolivia identified as N. bolivianus (Atkins et al., 
2005). The Mexican and Ecuador populations produced amplification products that 
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ranged from 141-173 bp. The N. bolivianus population produced a 148- bp product. It is 
clear from the results of the character-based barcode analysis that much greater 
taxonomic resolution is possible. The pure characters could be incorporated into a DNA 
chip or real PCR assay for a straightforward and rapid molecular assignation of Nacobbus 
species. This will allow the crop protection agencies to take immediate action when 
suspicious isolates are detected in new agricultural areas or in importation and 
exportation of agricultural commodities.  
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6. FIGURE CAPTIONS 
 
 
Fig. 1. An example of a DNA character-based barcode analysis of two populations 
separated by a geographical barrier (solid line between two populations) adapted 
from DeSalle et al., 2005 to identify character attributes (CAs) A. Simple pure 
diagnostic characters for each population (sPu). B. Simple private characters in 
population 1 (sPv). C. Simple private characters in both columns of population 2, 
however, combination of both columns provides pure combined (cPu) diagnostic 
for both populations. D. Separated columns represent neither pure nor private 
characters, however the combination four columns provide pure combined 
characters (cPu).  
 
Fig. 2. Bayesian phylogenetic tree of ITS1 sequences of twelve Nacobbus isolates and 
sequences from GenBank used as guide tree to identify character attributes (CAs). 
Roman numerals I–VI indicate major nodes and clades: I. Nebraska, USA. II. 
Central region of Mexico (Chapingo1, Chapingo2, Montecillo, Puebla, and 
Xalatlaco). III. Northern region of Mexico (Zacatecas). IV. Eastern lowlands of 
Argentina. V. South America, VI. Andean region (Nacobbus bolivianus). Taxa 
labeled with AY, AM, and DQ accession numbers were obtained from GenBank. 
Number in parenthesis indicates shared haplotypes.   
 
Fig. 3. Maximum likelihood phylogenetic tree of D2D3 sequences of twelve Nacobbus 
isolates used as guide tree to identify character attributes (CAs). Roman numerals 
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I–VI indicate major nodes and clades: I. Nebraska, USA. II. Central region of 
Mexico (Chapingo1, Chapingo2, Montecillo, Puebla, and Xalatlaco). III. 
Northern region of Mexico (Zacatecas). IV. Eastern lowlands of Argentina. 
Number in parenthesis indicates shared haplotypes.   
 
Fig. 4. Maximum likelihood phylogenetic tree of mitochondrial COII/16S sequences of 
twelve Nacobbus isolates used as guide tree to identify character attributes (CAs). 
Roman numerals I–VI indicate major nodes and clades: I. Nebraska, USA. II. 
Central region of Mexico (Chapingo1, Chapingo2, Montecillo, Puebla, and 
Xalatlaco). III. Northern region of Mexico (Zacatecas). IV. Eastern lowlands of 
Argentina. Number in parenthesis indicates shared haplotypes.   
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FIGURE 1. 
 
 
Population No. Sequence 
1 A A A G A A A A A G A G A G G A A A A 
2 A A G G A A A A A G A A G G A G A A G 
3 A G A G A A A G A A G G A A A G A G G 
4 A A G G A A A A A G A G A G A A A A A 
5 A A A G A A A A A A G A G A A G A A G 
 
 
1 
6 A G G G A A A G A A G G A G A G A G G 
7 G A A G A A G A A G G A A A G G A A C 
8 G G A G G A A G A A A A A G G G A G C 
9 G A A G A A G A G G G A A A A A G A T 
10 G A A G G A A A A G G G G A G G A A T 
11 G G A G A A G G G A A A A G G G G G C 
 
 
2 
12 G A A G G A A A A G G G G A G A A A T 
 
 
 	 
↓	 
A 
 	 
↓	 
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7. TABLES  
 
Table 1. Origin, hosts and code numbers of ITS1, D2-D3 and COII/16S sequences of 
Nacobbus aberrans isolates from USA, Mexico, and Argentina used to identify character 
attributes (CAs) using the CAOS approach.  
Marker/Origin Crop Alignment 
Code 
Source Accession Number/Code 
ITS1     
 
USA  Sugar beet 
 
Nebraska 
 
 
This Study 
 
17072sugarbeetNE_USA 
17073sugarbeetNE_USA 
17074sugarbeetNE_USA 
17075sugarbeetNE_USA 
17076sugarbeetNE_USA 
 
Mexico 
 
Tomato 
 
M1 
 
Reid et al., 2003 
 
AY254366 
 Tomato M2 “ AY254367 
 Tomato M3 “ AY254368 
 Dry bean M4 “ AY254369 
 Tomato 
 
 
Chapingo1 
 
 
This study 16948tomatoch1_MEX 
16949tomatoch1_MEX 
16950tomatoch1_MEX 
 Chard 
 
 
Chapingo2 
 
  
This study 16954chardch2_MEX 
16955chardch2_MEX 
16956chardch2_MEX 
 Tomato 
 
 
Montecillo 
 
 
This study 16957tomatoMont_MEX 
16958tomatoMont_MEX 
16959tomatoMont_MEX 
 Chard 
 
 
Xalatlaco  
 
 
This study 16951chardXal_MEX 
16952chardXal_MEX 
16953chardXal_MEX 
 Dry bean  
 
 
 
 
 
 
 
 
Puebla 
 
 
 
 
 
 
 
 
This study 17659drybeanPuebla_MEX 
17660drybeanPuebla_MEX 
17661drybeanPuebla_MEX 
17662drybeanPuebla_MEX 
17663drybeanPuebla_MEX 
17664drybeanPuebla_MEX 
17665drybeanPuebla_MEX 
17666drybeanPuebla_MEX 
17667drybeanPuebla_MEX 
17668drybeanPuebla_MEX 
 Dry bean 
 
 
 
Zacatecas 
 
 
 
This study 17087drybeanZac_MEX                         
17088drybeanZac_MEX                         
17089drybeanZac_MEX                          
17090drybeanZac_MEX 
 
Ecuador Tomato E2 Reid et al., 2003 AY254365 
 
Bolivia  Potato 
 
B1 
 
Reid et al., 2003 
 
AY254361 
 Potato B2 “ AY254362 
 Potato B3 “ AY254363 
 Potato B4 “ AY254364 
 Potato N1 Anthoine & 
Mugniery 2005 
AY827831 
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 Potato N6 “ AY827836 
 Potato N1 Anthoine et al., 
2005 
DQ318673 
 Potato N1 “ DQ318609 
 Potato N1 “ DQ318611 
 Potato N1 “ DQ318610 
 Potato N6 “ DQ318657 
 Potato N6 “ DQ318653 
 Potato N6 “ DQ318655 
 
Peru  Potato 
 
N2 
 
Anthoine & 
Mugniery, 2005 
 
AY827832 
 Potato N2 Anthoine et al., 
2005 
DQ318599 
 Potato N2 “ DQ318606 
 Potato N2 “ DQ318598 
 Potato N2 “ DQ318596 
 Tomato N4 “ DQ318630 
 Sugar beet N4 Anthoine & 
Mugniery 2005 
AY827834 
 
Argentina  Tomato 
 
A1 
 
Reid et al., 2003 
 
AY254359 
 Tomato A2 “ AY254360 
 Tomato N5 Anthoine et al., 
2005 
DQ318716 
 Tomato N7 “ DQ318661 
 Tomato N7 “ DQ318659 
 Tomato N7 “ DQ318663 
 Tomato N7 “ DQ318664 
 Tomato A3 Vovlas et al., 2007 AM412744 
 Tomato A3 “ AM412745 
 Potato N3 Anthoine & 
Mugniery 2005 
AY827833 
 Sugar beet N5 “ AY827835 
 Tomato 
 
 
 
 
 
 
Los Hornos 
 
 
 
 
 
 
This study 17689tomatoHornos_ARG 
17690tomatoHornos_ARG 
17691tomatoHornos_ARG 
17692tomatoHornos_ARG 
17693tomatoHornos_ARG 
17697tomatoHornos_ARG 
17698tomatoHornos_ARG 
 Sweet pepper 
 
 
Chacra1 
 
 
This study 17844pepperChacra1ARG 
17845pepperChacra1ARG 
17846pepperChacra1ARG 
 Tomato 
 
 
Chacra2 
 
 
This study 17857tomatoChacra2ARG 
17858tomatoChacra2ARG 
17861tomatoChacra2ARG 
 Tomato 
 
 
Lisandro 
Olmos 
 
This study 17872tomatoLisOlmosARG 
17873tomatoLisOlmosARG 
17875tomatoLisOlmosARG 
 Tomato 
 
 
Hudson 
 
 
This study 17888tomatoHudsonARG 
17890tomatoHudsonARG 
17891tomatoHudsonARG 
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D2-D3   
 
USA  Sugar beet 
 
Nebraska 
 
 
This Study 
 
 
17325sugarbeetNE_USA 
17326sugarbeetNE_USA 
17327sugarbeetNE_USA 
17328sugarbeetNE_USA 
17329sugarbeetNE_USA 
_ 
MEXICO Tomato 
 
 
Chapingo1 
 
 
This study 17309tomatoCh1_MEX 
17310tomatoCh1_MEX 
17311tomatoCh1_MEX 
 
 Chard 
 
 
Chapingo2 
 
 
This study 17315chardCh2_MEX 
17316chardCh2_MEX 
17317chardCh2_MEX 
 Tomato 
 
 
Montecillo 
 
 
This study 17318tomatoMont_MEX 
17319tomatoMont_MEX 
17320tomatoMont_MEX 
 Chard 
 
 
Xalatlaco  
 
 
This study 17377chardXal_MEX 
17378chardXal_MEX 
17379chardXal_MEX 
 Dry bean  
 
 
 
 
 
 
 
 
 
Puebla 
 
 
 
 
 
 
 
 
 
This study 17669drybeanPuebla_MEX 
17670drybeanPuebla_MEX 
17671drybeanPuebla_MEX 
17672drybeanPuebla_MEX 
17673drybeanPuebla_MEX 
17674drybeanPuebla_MEX 
17675drybeanPuebla_MEX 
17676drybeanPuebla_MEX 
17677drybeanPuebla_MEX 
17678drybeanPuebla_MEX 
 Dry bean 
 
 
 
Zacatecas 
 
 
 
This study 17371drybeanZac_MEX 
17372drybeanZac_MEX 
17374drybeanZac_MEX 
17375drybeanZac_MEX 
ARGENTINA Tomato 
 
 
 
 
 
 
 
 
Los Hornos 
 
 
 
 
 
 
 
 
This study 17699tomatoHornos_ARG 
17700tomatoHornos_ARG 
17701tomatoHornos_ARG 
17702tomatoHornos_ARG 
17703tomatoHornos_ARG 
17704tomatoHornos_ARG 
17705tomatoHornos_ARG 
17706tomatoHornos_ARG 
17707tomatoHornos_ARG 
17708tomatoHornos_ARG 
  Sweet pepper 
 
 
 
Chacra1 
 
 
 
 
This study 
 
17847pepperChacra1_ARG 
17848pepperChacra1_ARG 
17850pepperChacra1_ARG 
 Tomato 
 
 
Chacra2 
 
 
This study 17862tomatoChacra2_ARG 
17863tomatoChacra2_ARG 
17866tomatoChacra2_ARG 
 Tomato 
 
 
Lisandro 
Olmos 
 
This study 17878tomatoLisOlmos_ARG 
17879tomatoLisOlmos_ARG 
17881tomatoLisOlmos_ARG 
 Tomato 
 
 
Hudson 
 
 
This study 17892tomatoHudson_ARG 
17895tomatoHudson_ARG 
17896tomatoHudson_ARG 
COII/16S 
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USA Sugar beet Nebraska1 
 
This Study 17082sugarbeetNE_USA 
17083sugarbeetNE_USA 
17084sugarbeetNE_USA 
17085sugarbeetNE_USA 
17086sugarbeetNE_USA 
17542sugarbeetNE_USA 
17543sugarbeetNE_USA 
17544sugarbeetNE_USA 
17545sugarbeetNE_USA 
17546sugarbeetNE_USA 
17547sugarbeetNE_USA 
17548sugarbeetNE_USA 
17550sugarbeetNE_USA 
17551sugarbeetNE_USA 
17553sugarbeetNE_USA 
17554sugarbeetNE_USA 
 
 Sugar beet 
 
Nebraska2 
 
This Study 183_012_sugarbeetNE_USA 
183_013_sugarbeetNE_USA 
MEXICO Tomato 
 
 
 
 
 
Chapingo1 
 
 
 
 
 
This study 
 
 
 
16960tomatoCh1_MEX 
16961tomatoCh1_MEX 
16962tomatoCh1_MEX 
17530tomatoCh1_MEX 
17531tomatoCh1_MEX 
17532tomatoCh1_MEX 
 Chard 
 
 
 
 
 
Chapingo2 
 
 
 
 
 
This study 
 
 
 
16966chardCh2_MEX 
16967chardCh2_MEX 
16968chardCh2_MEX 
17536chardCh2_MEX 
17537chardCh2_MEX 
17538chardCh2_MEX 
 
 
Tomato 
 
 
 
 
Montecillo 
 
 
 
 
 
This study 
16969tomatoMont_MEX 
16970tomatoMont_MEX 
16971tomatoMont_MEX 
17539tomatoMont_MEX 
17540tomatoMont_MEX 
17541tomatoMont_MEX 
 
 Chard 
 
 
 
 
 
Xalatlaco  
 
 
 
 
 
This study 
 
 
 
 
16963chardXal_MEX 
16964chardXal_MEX 
16965chardXal_MEX 
17533chardXal_MEX 
17534chardXal_MEX 
17535chardXal_MEX 
 
 Dry bean  
 
 
 
 
 
 
 
 
 
Puebla 
 
 
 
 
 
 
 
 
 
This study 
 
 
 
 
 
 
 
 
 
17679drybeanPuebla_MEX 
17680drybeanPuebla_MEX 
17681drybeanPuebla_MEX 
17682drybeanPuebla_MEX 
17683drybeanPuebla_MEX 
17684drybeanPuebla_MEX 
17685drybeanPuebla_MEX 
17686drybeanPuebla_MEX 
17687drybeanPuebla_MEX 
17688drybeanPuebla_MEX 
 Dry bean 
 
 
 
 
Zacatecas 
 
 
 
 
This study 
 
 
 
17095drybeanZac_MEX 
17096drybeanZac_MEX 
17097drybeanZac_MEX 
17098drybeanZac_MEX 
17555drybeanZac_MEX 
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17556drybeanZac_MEX 
17557drybeanZac_MEX 
17558drybeanZac_MEX 
17559drybeanZac_MEX 
17560drybeanZac_MEX 
17561drybeanZac_MEX 
17562drybeanZac_MEX 
17563drybeanZac_MEX 
17564drybeanZac_MEX 
17565drybeanZac_MEX 
17566drybeanZac_MEX 
17567drybeanZac_MEX 
17568drybeanZac_MEX 
17569drybeanZac_MEX 
17570drybeanZac_MEX 
17571drybeanZac_MEX 
17572drybeanZac_MEX 
17573drybeanZac_MEX 
17574drybeanZac_MEX 
17575drybeanZac_MEX 
17576drybeanZac_MEX 
17577drybeanZac_MEX 
17578drybeanZac_MEX 
17579drybeanZac_MEX 
17580drybeanZac_MEX 
17581drybeanZac_MEX 
17582drybeanZac_MEX 
17583drybeanZac_MEX 
17584drybeanZac_MEX 
17585drybeanZac_MEX 
 
Argentina Tomato 
 
 
 
 
 
 
 
 
 
 
Los Hornos 
 
 
 
 
 
 
 
 
 
This study 17709tomatoHornos_ARG 
17710tomatoHornos_ARG 
17711tomatoHornos_ARG 
17712tomatoHornos_ARG 
17713tomatoHornos_ARG 
17714tomatoHornos_ARG 
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Table 8. Total number of simple pure (sPu) character attributes discriminating all 
individuals of Nacobbus aberrans from each clade detected by Bayesian inference and 
Maximum likelihood based on multi-marker approach. 
 
Phylogenetic clade ITS1 D2D3 COII/16S 
Clade I 7 16 14 
Clade II 20 5 20 
Clade III 18 22 20 
Clade IV 2 11 23 
Clade V 6   
Clade VI 4   
 
 
 
 
